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THE  USE  OF  ION  IMPLANTATION  FOR  MATERIALS  PROCESSING 


Preface  -  F.  A.  Smidt 


The  quest  for  improvement  in  materials  performance  has  led  in  recent  years  to  the 
exploitation  of  controlled  processing  to  enhance  and  tailor  the  properties  of  materials 
for  specific  applications.  Ion  implantation  offers  a  powerful,  broadly  applicable  tech¬ 
nique  for  the  modification  of  the  surface  region  of  a  material.  This  ability  to  alter  the 
surface  composition  and  structure  potentially  offers  a  means  to  modify  such  divergent 
surface  controlled  properties  as  corrosion,  wear,  catalysis,  work  function,  and  reflec¬ 
tivity  to  name  a  few.  The  Naval  Research  Laboratory  (NRL)  is  pursuing  an  aggressive 
research  program  to  exploit  the  use  of  ion  implantation  for  materials  processing.  The 
program  includes  both  in-house  basic  research  under  the  auspices  of  the  Office  of  Naval 
Research  and  applied  reseach  programs  for  several  Navy  and  DOP  sponsors  (NAVAIR, 
PARPA,  NAVMAT,  AFML,  SSPO,  NAVSEA).  The  research  has  reached  a  stage  of 
maturity  such  that  it  seemed  valuable  to  collect  the  results  from  various  programs  and 
publish  them  in  one  place  as  a  comprehensive  report  of  progress.  This  document  is  the 
first  semi-annual  report  of  progress  for  the  NRL  program  on  the  use  of  ion  implantation 
for  materials  processing. 

The  concept  of  using  heavy  ion  bombardment  to  study  and  modify  the  properties  of 
materials  originated  in  the  Nuclear  Physics  Division  at  NRL  in  the  mid  sixties.  Studies 
of  radiation  damage  in  metals  bombarded  with  heavy  ions  developed  during  the  early 
seventies  and  the  heavy  ion  sources  currently  in  use  were  developed  during  that  time 
period.  The  first  experiments  to  specifically  explore  the  modification  of  non-semi- 
conductor  materials  by  ion  implantation  were  undertaken  in  1975  when  the  Materials 
Modification  and  Analysis  Branch  (Code  6G70)  demonstrated  that  the  wear  and  corrosion 
resistance  of  materials  could  be  improved  by  ion  implantation.  The  promise  shown  by 
the  initial  experiments  prompted  Pr.  A.  I.  Schindler,  Associate  Director  of  Research  at 
NRL  for  Material  Science  and  Component  Technology  (Code  6000),  to  establish  a 
broad-based  interdisciplinary  effort  in  the  Radiation  Technology  (Code  6600),  Chemistry 
(Code  6170),  and  Material  Science  and  Technology  (Code  6300)  Divisions.  The  program  is 
coordinated  through  the  Ion  Implantation  Steering  Committee  consisting  of  Pr.  J.  K. 
Hirvonen  (Code  6670),  Dr.  J.  N.  Butler  (Code  6670),  Pr.  N.  L.  Jarvis  (Code  6170),  Pr.  B. 
B.  Rath  (Code  6320),  and  Pr.  F.  A.  Smidt  (Code  6004),  Chairman. 

The  program  currently  includes  investigations  of  the  influence  of  ion  implantation 
on  wear,  fatigue,  corrosion,  and  optical  properties  of  materials  as  well  ns  basic  studies  of 
the  implantation  process.  Exploratory  research  in  severnl  other  applications  areas  is  also 
being  conducted.  Modern  research  techniques  such  as  Auger  electron  spectroscope,  x- 
ray  photoelectron  spectroscopy,  Rutherford  backscattering  analysis,  nuclear  reaction 
techniques,  and  transmission  electron  microscopy  are  available  for  characterizing  the 
materials.  Ion  implantation  facilities  at  NRL  include  a  commercial  Varian/Extrion  200- 
kV  "high  current"  implanter  designed  for  semiconductor  applications  and  modified  at 
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NRL  to  provide  the  vacuum  chamber  and  work  piece  handling  capabilities  required  for 
materials  implantation,  a  200-kV  "low  current"  implanter  built  in  1975  at  NRL  as  a 
prototype  for  the  implantation  experiments,  and  the  5-MV  Van  de  Graaff  accelerator. 

The  progress  report  consists  of  four  section^  describing  the  experimental  work:  Ion 
Implantation  Science  and  Technology,  Wear  and  Fatigue,  Corrosion,  and  Exploratory 
Research.  The  latter  includes  several  articles  on  implantation  to  modify  the  optical 
properties  of  silicon  and  a  new  ion  beam  mixing  technique.  A  final  section  includes  a 
cumulative  bibliography  of  papers  an<s  reports  published  on  ion  implantation  by  NRL 
authors  since  the  inception  of  the  program.  It  is  our  hope  that  this  report  and  future 
progress  reports  will  provide  a  useful  vehicle  for  rapidly  disseminating  information  on 
the  Use  of  Ion  Implantation  for  Materials  Processing  and  stimulating  an  exchange  of 
ideas  with  potential  users  of  this  promising  new  technique. 


THE  USE  OE  ION  1M PLANTATION  E OR 
M  ATE  RIALS  PROCESSING 

SEMI-ANNUAL  PROGRESS  REPORT  EOR  Till'.  PERIOD 
l  OCTOBER  1979  -  31  MARCH  1989 

SUMMARY 

I.  ION  IMPLANTATION  SCIENCE  AND  TECHNOLOGY 

A.  Ion  Implantation  Science  and  Technology 

An  overview  of  the  science  and  technology  of  implanting  ions  into  a  material 
to  modify  the  surface  properties  is  presented.  The  components  and  operation  of  a 
typical  ion  implantation  machine  are  described  and  the  capabilities  and  limitations 
discussed.  The  physics  of  ion-target  interactions  are  reviewed  and  the  principal 
phenomena  controlling  the  implantation  and  the  material  modification  are  ex¬ 
amined. 

B.  Ion  Implantation  Simulations  with  MARLOWE 

The  binary-collision  simulation  Code  MARLOWE  developed  by  M.  T.  Robinson 
and  1.  M.  Torrens  to  study  the  effects  of  neutron  and  heavy  ion  irradiations  on 
crystalline  materials  has  been  converted  to  run  on  the  NRL  T1  ASC  Computer.  A 
brief  description  of  the  code  capabilities  and  the  planned  research  is  provided. 

II.  WEAR  AND  FATIGUE 

A.  Friction  and  Wear  Reduction  of  Bearing  Steel  Via  Ion  Implantation 

Ion  implantation  has  been  found  to  reduce  friction  and  wear  in  the  technologi¬ 
cally  im^rtant  AISJ-52100  bearing  steel.  Implantation  of  titanium  at  a  fluence  of 
4.fi  x  10‘‘  ions/em“  and  an  energy  of  190  koV  reduces  the  kinetic  coefficient  of 
friction  for  the  unlubricated  steel-on-steel  case  from  about  0.7  to  about  0.3. 
Lubricated  sliding-wear  experiments  show  large  reductions  in  wear  for  the  Ti 
implanted  steel.  Other  ions  which  reduce  wear  in  Type  304  stainless  steel,  such  as 
nitrogen  and  boron,  are  not  effective  in  52100  steel. 

Analytical  techniques  are  described  which  determine  the  distribution  of 
elements  in  the  5210(1  steel  after  ion  implantation.  When  Ti  is  implanted.  Auger 
spectroscopy  combined  with  sputter  erosion  shows  an  unexpected  distribution  of 
carbon  atoms  in  the  form  of  carbide  in  the  first  100  nm  of  the  surface.  The  Ti 
distribution  is  described  in  detail  with  two  techniques:  (a)  Auger  spectroscopy  with 
ion  beam  milling,  and  (b)  the  resonant  nuclear  reaction  profiling  technique  utilizing 
the  4°Ti  (p,y  J  V  nuclear  reaction.  The  Ti  distribution  shows  a  peak  concentration 
of  29  *3  at.'Y  occurring  at  70  5  nm.  Auger  line  shape  analysis  of  the  Ti  shows  a  3 

to  3  nm  layer  of  Ti00  on  the  52100  surface.  Below  the  surface,  TiC  predominates. 
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but  the  Ti  signal  becomes  more  metal-like  as  the  carbide  tails  oft'.  The 
presence  of  Ti  and  O  in  the  r>2100  steel  matrix,  perhaps  as  an  amorphous  layer,  is 
inferred  as  the  reason  for  friction  and  wear  reduction. 

R.  Surface  Hardness  and  Abrasive  Wear  Resistance  of  Ion-Implanted  Steels 


The  hardness  of  nitrogen-implanted  steel  surfaces  liave  been  measured  with  an 
abrasive  wear  technique  capable  of  characterizing  surface  layers  as  thin  as  25  nm. 
Treated  steel  discs  and  reference  discs  were  abraded  with  1  to  5  //m  diamond,  and 
relative  wear  resistances  were  calculated  from  the  mass  losses.  Surface  hardness 
was  obtained  from  a  relationship  between  wear  resistance  and  hardness. 

T|]p  surface  of  a  hardened  and  tempered  carbon  steel  implanted  with  nitrogen 
ions  (10  /cm")  was  significantly  harder  than  with  other  treatments  including  quench 
hardening  and  nitriding.  The  hardness  is  decreased  to  the  bulk  value  over  a  depth 
corresponding  to  the  initial  implantation  depth. 

Nitrogen-implanted  stainless  steel  surfaces  wore  faster  than  unimplanted  ones, 
possibly  due  to  interference  with  transformation  hardening  which  normally  occurs 
during  wearing.  This  "softening"  effect  persisted  to  depths  several  times  the  depth 
of  implantation,  and  may  help  to  explain  the  reduction  of  sliding  wear  produced  by 
the  implantation  of  stainless  steels.  Analyses  by  Auger  electron  spectroscopy 
indicated  nitrogen  migrated  toward  the  bulk  during  wear. 

17  ° 

ritan!um  implanted  in  stainless  steel  (4.6  x  10  ions/cm")  produced  a  very 
hard  surface  with  more  than  10  times  the  abrasive  wear  resistance  of  the  bulk  metal. 

The  Chemical  State  of  Ion-Implanted  Nitrogen  in  FelSCr8Ni  Steel 

Auger  electron  spectroscopy  (AES)  and  x-ray  photoelectron  spectroscopy 
(XPS),  in  conjunction  with  ion  milling,  were  usc^  to  de^rmiitf  the  chemical  state  of 
nitrogen  implanted  at  relatively  high  doses  (10  0  to  10  .'em”)  into  Type  304  steel. 
Nitrogen  atoms  were  bonded  in  ttie  nitrided  state,  at  all  doses,  according  to  both 
AES  and  Xl’S.  As  the  nitrogen  concentration  increased,  the  lineshape  of  the  (T  MW 
Auger  spectra  evolved  from  that  of  metallic  Or  to  Or  nitride;  at  highest  doses,  the 
Fe  MW  lineshape  could  be  identifed  as  Fe  nitride.  Auger  and  XPS  spectra  of 
implanted  304  and  thermally  nitrided  304  were  virtually  identical  at  comparable 
nitrogen  concentrations.  The  Cr(2p3,9)  binding  energies  of  both,  however,  were 
about  1  eV  lower  than  found  in  Or  nitride  but  0.5  eV  higher  than  in  metallic  Or. 

D.  Surface  Hardening  of  Beryllium  By  Ion  Implantation 

The  effectiveness  of  ion  implantation  for  the  production  of  a  hard  wear- 
resistant  surface  on  instrument  grade  beryllium  of  high  strength  (HP-40)  was 
explored.  Samples  of  beryllium  were  implanted  with  boron  and  were  subjected  to 
microhardness  tests  in  both  the  as-implanted  state  and  after  annealing.  The 
implanted  region  was  examined  using  Rutherford  backseattoring  to  determine  the 
depth  distribution  of  the  implanted  boron.  By  using  ion  implantation  to  produce  a 
buried  layer  containing  boron,  the  limitations  imposed  bv  solubility  and  diffusivitv 
are  avoided  and  much  greater  boron  concentrations  than  those  attainable  with 
conventional  thermal  treatments  are  generated. 


E.  The  Effect  of  Ion  Implantation  on  Fatigue  Behavior  of  Ti-6A1-4V  Alloy 

Ion  implantation  of  Ti-6A1-4V  with  carbon  and  nitrogen  has  improved  the  fatigue 
life.  Carbon  has  shown  the  best  results,  with  a  20  percent  increase  in  endurance  limit, 
and  a  factor  of  4  to  5  incre^e  in  lifetin^e  at  higher  stresses.  Lifetime  improvement  is 
maximum  for  a  dose  cf  1  x  10“  atoms/cm L  of  carbon  at  75  keV.  and  does  not  ineqease  for 
greater  doses.  Subsurface  fatigue  crack  origins  are  found  for  lifetimes  over  10°  cycles. 
TEM  examination  reveals  TiC  and  TiN  precipitates  in  carbon  and  nitrogen  implanted 
regions,  respectively,  with  a  greater  amount  of  carbide  than  nitride  observed. 

HI.  CORROSION 

A.  Corrosion  Control  by  Ion-Implantation 

An  exciting  new  approach  to  corrosion  control  is  the  modification  of  the  surface  of 
metals  by  ion  implantation.  This  paper  outlines  the  characteristics  and  advantages  of  the 
ion  implantation  method  and  illustrates  the  approach  with  two  examples  of  corrosion 
research  in  progress  at  the  Naval  Research  Laboratory.  The  first  of  these  is  a 
fundamental  study  on  the  effect  of  implanted  palladium  on  the  corrosion  of  titanium  in 
hot,  concentrated  acids.  Implanted  Pd  reduces  the  corrosion  rate  of  Ti  by  a  factor  of 
1000,  with  the  improvement  due  to  retention  of  Pd  at  the  surface.  The  second  example  is 
a  practical  study  on  the  use  of  ion  implantation  to  improve  the  corrosion  resistance  of 
bearing  alloys  used  in  aircraft  engines.  Preliminary  results  indicate  that  Cr  implantation 
substantially  reduces  pitting  corrosion  of  M50  steel  in  chloride-contaminated  lubricating 
oil. 

P.  Applications  of  Ion  Implantation  for  the  Improvement  of  Localized  Corrosion 

Resistance  of  M50  Bearing  Steel 

Pitting  corrosion  of  M50  alloy  steel  bearings  used  in  turbojet  engines  has  been  found 
to  be  a  severe  problem.  The  difficulty  arises  when  salt-spray  condensates  accumulate  in 
the  engine  lubricants  of  aircraft  not  in  regular  use.  Ion  implantation  was  applied  to  this 
problem  because  in  the  early  stages  of  this  work  it  was  shown  to  be  able  to  maintain  both 
the  dimensional  stability  and  the  contact  fatigue  lifetime  of  the  !\150  bearings. 

Qualitative  tests,  which  simulated  the  geometry  and  thermal  cycle  conditions 
leading  to  pitting  of  the  M50  bearing  surface,  were  performed  using  oil  containing  3  ppm 
Nan.  Initially  it  was  found  that  chromium  surface  alloys  containing  20  to  25  percent 
chromium  substantially  reduced  the  level  of  attack.  Prior  to  further  corrosion  simulation 
te.'Rs,  potentio-kinetic  studies  were  carried  out  on  M50  implanted  with  chromium, 
molybdenum  and  titanium  in  order  to  screen  both  the  passivating  tendency  of  the  surface 
alloys  formed  and  their  resistance  to  localized  forms  of  corrosion.  Singular  additions  of 
chromium,  molybdenum  and  titanium  were  found  to  increase  the  resistance  of  M50  to 
localized  breakdown  significantly.  The  highest  resistance  to  localized  breakdown  was 
found  for  a  multi-implantation  of  chromium  and  molybdenum. 

IV.  OTHER  EXPLORATORY  RESEARCH  AREAS 

A.  Refractive  Index  Profiles  and  Range  Distributions  of  Silicon  Implanted  with  High- 

Energy  Nitrogen 

Single-crystal  silic^i  has  been  iijjplanted  tyith  nitrogen  ions  at  MeV  energies,^ to 
fluences  between  0.2  x  10l  and  1.05  x  1(1  ions/cm "  at  a  substrate  temperature  of  700  ('. 
Infrared  transmission  and  reflection  spectra  in  the  range  of  1.25  to  40  //m  were  measured 
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and  interference  fringes  were  observed  which  are  produced  by  the  interference  of  light 
which  has  been  multiply  reflected  between  the  front  surface  and  the  buried  layers.  By 
detailed  theoretical  analyses  of  the  interference  fringes  we  obtain  refractive-index 
profiles,  which,  under  suitable  interpretation,  provide  accurate  measurements  of  the 
range  and  straggling  of  the  implanted  ions.  Rutherford  backscattering  measurements  on 
the  same  samples  confirm  this  interpretation.  Between  the  energies  of  0.67  and  3.17  MeV, 
the  measured  values  of  the  projected  range  agree  with  theory  after  adjusting  the 
electronic  stopping  power,  but  the  straggling  measurements  are  lower  by  —  30  percent.  It 
is  demonstrated  that  the  asymmetry  of  the  range  distribution  can  be  measured  with  this 
technique  as  well. 

B.  High-Fluence  Implantations  of  Silicon:  Layer  Thickness  and  Refractive  Indices 

Refractive-index  measurements  are  reported  for  amorphous  Si  produced  by  ion 
implantation.  Reflection  interference  measurements  in  the  frequency  range  250 £  v  £ 
76^10  cm  1  w^re  made  for  several  Si  samples  implanted  with  P-ion  fluences  between  1.0.x 
10  b  ions/cnjg  and  ion  gnergies  between  0.20  and  2.7  MeV  and  for  Si  implants  of  1.0  x  10  b 
and  3.0  x  10  ions/cnri  and  an  ion  energy  of  0.30  MeV.  The  interference  measurements 
were  computer  analyzed  by  using  a  model  in  which  the  damaged  layer  has  a  refractive 
index  n^  and  extinction  coefficient  k^,  and  the  substrate  has  a  refractive  index  ng  and  k  , 
=  0.  Tne  optical  constants  of  the  two  regions  are  smoothly  connected  by  a  transition 
region  approximated  by  a  half-Gaussian  curve  of  standard  deviation  o  The  finite-width 
transition  region  is  necessary  for  fitting  the  data.  Excellent  fits  are  obtained  for 
literature  values  of  n g  and  k  with  the  chi-square  being  rlO  .  The  value  of  k  has  little 
effect  on  the  analysis.  Within  the  experimental  accuracy  a  single  curve  for  n^fy)  is 
obtained  for  the  amorphous  region  where  n..{  V  )  is  independent  of  the  ion  type,  ion  energy, 
ion  fluence,  or  position  in  the  amorphous  layer.  The  thicknesses  of  the  damaged  layers 
deduced  from  the  infrared  data  agree  well  with  LSS  values  for  R  +  o  and  with 
channeling  results.  Visual  observations  of  the  thicknesses  also  agree  'well  f<?r  the  high- 
energy  implants  but  not  for  the  lower-energy  ones. 

C.  Plasma  Region  in  High-Fluence  Implants  of  Phosphorus  in  Amorphized  Silicon 

Phosphorus  ions  were  implanted  into  silicon  previously  made  amorphous  by  implanta¬ 
tion  with  neon  ions  of  projected  range  considerably  greater  than  that+of  the  P  ions. 
Comparison  of  the  annealing  behavior  for  this  case  with  that  for  P  -only  implants 
indicates  that  free-carrier  plasma  formation  in  the  region  of  high  phosphorus  concentra¬ 
tion  does  not  occur  until  the  material  has  recrystallized. 

L).  High-Dose  Implantation  and  Ion-Beam-Mixing 

Substitutional  solid  solutions  and  metastable  phases  in  single-crystal  metals  can  be 
produced  by  ion  bombardment  either  by  ion  implantation  to  high-dose  levels  of  one  of  the 
elements  or  by  implantation  of  inert  ions  through  a  thin  film  to  induce  atomic  mixing 
between  the  film  and  the  single-crystal  substrate.  In  this  paper  we  compare  these  two 
methods  of  high-dose  implantation  and  ion-beam-mixing  to  introduce  Au  and  Pd  into 
single-crystal  Cu.  In  direct  implantation  the  maximum  concentration  of  implanted  ions  is 
determined  by  sputtering  effects  whereas  in  ion-beam-mixing  the  concentration  is 
determined  by  the  film  thickness  and  the  amount  of  interdiffusion  over  the  penetration 
depth  of  the  energetic  ions. 

17  2 

With  implantation  of  1  x  10  /cm  Au  or  Pd  ions  at  150  keV  into  <  110'-  Cu,  high 
substitutional  concentrations  at  about  6  at.%  were  achieved.  With  ion-bcam-mixing 
of  —10  nm  Au  or  Pd  films  by  300  keV  Xe  ions  at  ion  doses  £  1  x  10  b/cm  ,  substitutional 
concentrations  twice  as  high  (rl2  at.%)  were  achieved.  With  thicker  films,  higher 
concentrations  of  Au  and  Pd  were  achieved  with  polycrystalline  solid  solutions  formed 
at  Au  and  Pd  concentrations  above  30  at.%. 
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ION  IMPLANTATION  SCIENCE  AND  TECHNOLOGY 


J.  W.  Butler 


Materials  Modification  and  Analysis  Branch 
Radiation  Technology  Division 


Introduction 

Ion  implantation  is  a  process  for  injecting  atoms  of  any  element  into  any 
solid  material  to  selected  depths  and  concentrations.  One  thereby  forms  an  alloy 
or  other  solid  mixture  that  has  a  different  composition  from  the  original  and 
which  therefore  exhibits  different  (and  sometimes  highly  desirable)  chemical  and 
physical  properties. 

An  ion-implantation  accelerator  of  the  type  used  by  NRL  is  illustrated 
schematically  in  Fig.  1.  Atoms  of  a  selected  chemical  element  are  ionized  by 
collisions  with  electrons  in  an  electrical  discharge  in  a  gas  at  low  pressure  in  the 
ion  source.  These  ions  then  pass  through  an  orifice  into  a  high-vacuum  region 
where  they  are  accelerated  by  an  electric  field  to  a  moderate  energy  (10-30  keV) 
and  analyzed  by  a  magnetic  field  according  to  ion  mass.  The  selected  ions  are 
then  accelerated  by  another  electric  field  to  the  desired  implantation  energy. 
When  the  ions  strike  and  penetrate  the  target  lattice,  they  lose  energy  through 
collisions  with  lattice  atoms  and  come  to  rest.  Table  I  lists  ranges  of  typical 
values  of  certain  technical  parameters  and  economic  factors  which  apply  to  ion 
implantation  performed  to  modify  the  chemical,  optical,  or  mechanical  properties 
of  materials. 
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Table  I.  Ranges  of  technical  parameters  and  economic  factors.  These  ranges 
represent  typical,  rather  than  absolute,  limits  for  implantations  to  modify 
chemical,  optical,  or  mechanical  properties. 

ion  species 

any  element  or  combination 

target  material 

any  solid  material 

target  preparation 

surface  clean  and  smooth 

target  dimensions 

less  than  2  m 

target  temperature 

-196 °C  to  300 °C 

pressure  in  beam  tubes 

10-5  torr  to  10-7  torr 

potential  on  terminal 

10  kV  to  1000  kV 

depth  of  implanted  ions 

10  nm  to  1  ym 

ion  beam  current 

1  nA  to  20  mA 

ion  beam  cross  section 

0.1  cm2  to  1  cm2 

ion  fluence  or  dose 

10 16  atoms/cm2  to  10 18  atoms/cm2 

relative  concentration 

1  at.%  to  50  at.% 

surface  erosion 

1  nm  to  100  nm 

capital  investment 

$200,000  to  $400,000 

power  requirement 

5  kVA  to  20  kVA 

floor  space  requirement 

10  m2  to  20  m2 

implantation  costs 

H/cm2  to  $l/cm2 

A  few  exploratory  experiments  involving  the  bombardment  of  semicon¬ 
ductor  materials  by  high-energy  ions  as  a  means  of  altering  the  electrical  charac¬ 
teristics  of  these  materials  were  performed  in  the  1950s;  and  three  broad  U.S. 
patents1-3  were  issued  in  the  late  1950s  on  the  ion  implantation  technique. 
Although  commercial  exploitation  of  the  process  for  the  manufacture  of  semicon¬ 
ductor  devices  was  delayed  because  of  industry  concern  about  the  problem  of 
radiation  damage  (whether  annealing  could  remove  the  lattice  damage  produced 
by  collisions  of  the  implanted  ions  with  lattice  atoms),  the  semiconductor  device 
industry  did  begin  to  use  ion  implantation  to  dope  semiconductor  devices  during 
the  late  1960s.  Since  the  early  1970s  ion  implantation  has  been  widely  used  by  the 
semiconductor  device  industry  to  introduce  dopants  into  many  types  of  devices, 
including  large  scale  integrated  circuits  such  as  are  used  in  pocket  calculators. 
The  main  reasons  for  this  widespread  use  are  the  reproducibility  and  control¬ 
lability  of  the  process;  it  is  used  mainly  as  a  predeposition  technique,  followed  by 
thermal  diffusion.  Also  during  the  early  1970s  a  few  laboratories  worldwide  began 
to  experiment  with  the  modification  of  the  chemical,  optical,  and  "mechanical" 
properties  of  materials  by  means  of  ion  implantation.  In  1975  the  Naval  Research 
Laboratory  began  a  program  to  investigate  the  effect  of  ion  implantation  on  the 
mechanical  and  chemical  properties  of  metals.  In  1976  the  program  was  extended 
to  optical  properties  of  materials  such  as  silicon  or  magnesium  fluoride. 


!U.S.  Pat.  2,750,541  (June  12,  1956),  R.  S.  Ohl. 
2U.S.  Pat.  2,787,564  (April  2,  1957),  W.  Shockley. 
3 U.S.  Pat.  2,842,466  (July  8,  1958),  J.  W.  Moyer. 
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the  desired  energy,  refocussed  by  a  quadrupole  lens  (not  shown),  deflected  by  a  scanner  system,  collimated  by  a 
defining  aperture,  and  allowed  to  strike  the  target  (which  in  this  example  is  rotating  to  enable  all-around 
implantation  and  also  to  spread  out  power  dissipation). 


The  Technology  of  Ion  Implantation  (Implanters) 

Ion  Source.  For  implantations  performed  to  modify  the  chemical,  optical, 
or  mechanical  properties  of  a  material,  substantial  concentrations  of  implanted 
ions  are  required  (typically  about  20  at.%).  Such  concentrations  in  turn  require  a 
relatively  large  number  of  implanted  ions  per  unit  area  (or  "fluence"  or  "dose"). 
So  large  ion  beam  currents  are  required.  The  NRI,  machine  (Fig.  1)  produces 
beams  in  the  fraction  of  a  milliamperc  region  for  many  species  of  ions. 

Figure  2  is  a  schematic  drawing  of  the  NRL  gas-discharge  type  of  ion 
source.  The  electrons  from  the  hot  filament,  repelled  by  the  negative  potential  of 
the  filament  (about  100  V  with  respect  to  the  source  wall),  are  accelerated. 


HOT 

FILAMENT 


ELECTRON 

REFLECTOR 


EXTRACTION 

ELECTRODE 


ANALYZER 
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Figure  2.  A  schematic  drawing  of  an  NRL  gas  discharge  ion  source, 
extraction  electrode,  and  entrance  slit  to  the  mass  analyzer.  F.lectrons  from  the 
hot  filament  are  repelled  by  the  potential  (-100  V  with  respect  to  the  source  wall) 
on  the  filament  and  collide  with  gas  molecules  at  a  pressure  in  the  millitorr 
region,  thereby  ionizing  them.  The  resulting  plasma  is  confined  by  a  uniform  axial 
magnetic  field  (parallel  to  the  filament)  and  by  electron  repcller  plates  at  the 
same  potential  as  the  filament.  The  extraction  electrode  serves  a  trip'e  purpose: 
pulling  ions  out  of  the  source,  focusing  them  into  a  beam,  and  aecelerating  them 
for  mass  analysis  prior  to  the  major  acceleration  to  implantation  energy. 
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colliding  with  gas  molecules  and  atoms  at  low  pressure,  thereby  ionizing  them  and 
producing  a  plasma,  which  is  confined  by  an  axial  magnetic  field  (illustrated  by 
the  arrows)  and  by  electron  repeller  plates  at  the  ends  of  the  filament.  The  ion 
source  in  this  example  has  a  fixed  potential  of  +25  kV  with  respect  to  the  terminal 
(or  local  ground).  The  ion  extractor  electrode  potential  (in  this  example,  -2  kV 
with  respect  to  local  ground  or  -27  kV  with  respect  to  the  source)  is  variable  to 
accommodate  different  source  operating  conditions.  The  extractor  attracts  the 
positive  ions  out  of  the  source  plasma,  focuses  them  into  a  beam,  and  accelerates 
them  for  subsequent  mass  analysis..  The  negative  potential  (with  respect  to  local 
ground)  of  the  extractor  shields  the  positive-potential  source  from  downstream 
secondary  electrons,  thereby  preventing  unnecessary  drain  on  the  25-kV  power 
supply  and  also  preventing  unnecessary  x-ray  generation.  In  addition,  this 
negative  potential  of  the  extraction  electrode  with  respect  to  local  ground  helps 
to  maintain  the  stationary  "satellite  electron  gas"  that  neutralizes  the  space 
charge  of  the  beam  in  the  field-free  region  downstream  from  the  grounded  jaws  of 
the  analyzer  slit.  (Without  the  neutralizing  effect  of  this  electron  gas,  the  low- 
energy  high-current  positive-ion  beam  would  diverge  rapidly  under  the  mutual 
repulsion  of  the  ions,  and  most  of  the  beam  would  strike  the  jaws  of  the  output 
slit.) 


Mass  Analyzer.  The  ion  beam  from  a  source  usually  contains  impurities: 
vacuum  system  contaminants  from  residual  air,  from  vacuum  pumps,  or  from  solid 
components  of  the  source.  When  an  ion  that  does  not  exist  as  an  elemental  gas  is 
produced  in  an  ion  source,  the  ion  beam  contains  even  more  undesired  components. 
For  example,  if  boron  ions  are  to  be  accelerated,  the  source  feedstock  may  be 
BF3,  which  produces  several  kinds  of  molecular  ions  from  various  combinations  of 
atoms  present. 

The  ions  from  the  source  must  be  accelerated  (or  extracted  with  a 
substantial  energy),  focused  into  a  beam,  and  then  mass  analyzed  so  that  these 
undesirable  ions  in  the  beam  can  be  removed  prior  to  implantation  (or,  as  in  Fig.  1, 
prior  to  the  main  acceleration). 

For  a  magnetic  mass  analyzer,  shown  schematically  in  Fig.  1.  the  product 
of  magnetic  field  H  and  path  radius  of  curvature  r  is  proportional  to  the  square 
root  of  the  ratio  of  ion  mass  m  to  charge  q  or 

HrccVMm/q)*,  (1) 

where  V  is  the  accelerating  potential.  Figure  3  shows  the  mass  spectrum  of  the 
output  of  the  ion  source  during  the  implantation  of  chromium  ions. 

Acceleration  Tube.  The  function  of  an  acceleration  tube  is  to  provide 
(a)  an  evacuated  path  for  the  ions  and  (b)  an  electric  field  to  accelerate  them. 
The  electric  field  is  in  addition  shaped  so  as  (i)  to  tend  to  focus  the  beam  of 
selected  ions  from  the  mass  analyzer  and  (ii)  to  impede  the  backstreaming 
secondary  electrons.  The  tube  consists  of  a  series  of  sections,  each  section  being 
an  annular  insulator  (glass)  and  a  shaped  metal  electrode  (polished  aluminum) 
cemented  together.  A  resistor  stack  distributes  the  potential  drop  approximately 
uniformly  along  the  tube  (but  some  nonlinearity  has  been  introduced  to  improve 
focusing.) 
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Target  Chamber.  The  primary  function  of  the  target  chamber  is  to  provide 
line-of-sight  high-vacuum  access  to  each  area  to  be  implanted.  It  is  customary, 
but  not  necessary,  for  the  beam  to  strike  the  target  at  normal  incidence;  at 
nonnormal  incidence,  the  penetration  is  smaller,  and  target  sputtering  (discussed 
below)  is  greater.  Figure  4  is  a  photograph  of  an  NRL  target  chamber  taken 
during  the  implantation  of  the  steel  balls  (2.2  cm  diameter)  from  a  bearing  from  a 
jet  engine.  The  chamber  interior  dimensions  are  about  25  cm  x  25  cm  x  45  cm; 
but  a  chamber  2.3  m  long  and  2.3  m  in  diameter  has  been  constructed  at  the 
Atomic  Energy  Research  Establishment  at  Harwell  (England). 

The  target  chamber  together  with  auxiliary  equipment  (some  of  it  external 
to  the  chamber  and  not  strictly  part  of  the  target  chamber)  also  provides  at  one 
time  or  another  the  following  functions: 

Ion-beam-current  integration  (by  means  of  which  the  dose  is  measured), 
Secondary  electron  suppression  (to  avoid  ion-beam-current  errors). 
Vapor  condensation  (by  means  of  a  cold  tube  containing  liquid  nitrogen), 
Differential  pumping  (high  vacuum  to  inhibit  target  contamination), 
Beam  sweeping  (to  scan  the  target  as  an  electron  beam  in  a  kinescope), 
Target  manipulation  (to  expose  every  part  of  the  target  to  the  beam), 
Target  cooling  Iheat  transfer  system  to  dissipate  ion  beam  power),  and 
Auxiliary  magnet  (to  separate  the  desired  beam  from  any  neutral  beam). 

In  a  production  system,  the  target  chamber  would  also  provide  for  automatic 
target  changing  (by  means  of  vacuum  locks  and  a  conveyor). 

Power  Dissipation.  The  power  density  of  the  beam  at  the  target  can  be 
substantial.  For  example,  a  0.5  mA  beam  of  200-kV  ions  has  a  power  of  100  watts. 
If  the  beam  has  a  cross  section  of  0.5  cm2 ,  then  the  power  transport  density  is  200 
W/cm2.  If  the  ions  are  chromium  and  the  target,  ordinary  steel,  the  ion  range  is 
about  60  nm,  and  the  volume  power  density  in  the  implantation  region  of  the 
target  is  about  33  MW/cm3.  Therefore  precautions  must  be  taken  to  prevent 
unwanted  temperature  excursions  of  the  target;  e.g.,  scanning  the  beam  over  the 
front  of  the  target  and  rotating  the  target  about  its  own  axis.  Such  techniques 
can  keep  the  average  target  temperature  within  tolerable  limits  (e.g.,  100°C). 

The  power  dissipation  problem  is  exacerbated  by  the  vacuum  environment 
of  the  target:  The  principal  mode  of  heat  transfer  may  be  radiation,  and  polished 
metals  are  poor  radiators.  Conduction  transfer  is  significant  only  if  the  target 
makes  good  contact  with  a  material  (i)  that  is  soft  enough  to  conform  to  the 
microscopic  contours  of  the  target,  (ii)  that  itself  is  a  good  conductor  of  heat,  and 
(iii)  that  is  thermally  coupled  to  a  heat  sink.  Silicon  wafers  are  usually  cooled 
during  implantation  by  such  techniques. 
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The  Science  of  Ion  Implantation  (Ion-Target  Interactions) 


When  a  high-energy  ion  strikes  a  solid  target,  the  ion  collides  with  the 
individual  atoms  in  the  target,  loses  energy,  knocks  some  atoms  out  of  their 
lattice  sites,  and  comes  to  rest  after  penetrating  a  few  hundred  atom  layers,  in  a 
time  of  roughly  10” 13  s.  The  implanted  ions  (or  atoms)  generally  have  the  same 
effect  on  the  properties  of  the  material  as  if  they  had  arrived  at  the  same  lattice 
locations  by  some  other  means  (such  as  in  the  melt  or  by  thermal  diffusion  or  by 
quenching).  But  the  effect  of  the  implantation  process  per  se  (viz.,  displacements 
and  other  microstructure  changes)  must  also  be  considered  in  assessing  the  overall 
effect  of  the  implantation. 

Atomic  Collisions.  The  collisions  between  the  incident  ion  and  lattice 
atoms  involve  two  basic  types  of  energy  transfer:  (i)  elastic,  in  which  the  two 
partially  screened  nuclei  experience  each  other's  Coulomb  field,  transferring 
momentum  in  the  process  as  in  a  billiard-ball  collision,  and  (ii)  inelastic,  in  which 
energy  is  transferred  to  the  electrons  of  the  struck  atoms. 

A  binary  collision  model4’5 6 7  is  used  to  calculate  the  magnitudes  of  the 
energy  and  momentum  transfers,  and  in  this  model  the  elastic  and  inelastic 
contributions  are  assumed  to  be  independent,  with  no  interference  between  the 
two.  (This  assumption  is  not  strictly  true,  but  it  provides  results  which  are 
tractable.)  The  nature  of  the  interaction  is  strongly  dependent  on  the 
instantaneous  energy  of  the  incident  ion  E  ,  the  atomic  number  of  the  incident  ion 
Z  ,  and  the  atomic  number  of  the  target  atom  Z  .  Generally,  for  large  values  of 
E1  and  for  small  values  of  Z  t  (e.g.,  a  100-keV  helium  ion),  the  predominant  mode 
ot  energy  transfer  is  inelastic;  for  relatively  iow  values  of  and  for  large  values 
of  Zj  (e.g.,  a  10-keV  molybdenum  ion),  the  elastic  mode  of  energy  transfer 
predominates.  Figure  5  illustrates  the  variations  of  the  energy  loss  per  unit  path 
length  as  a  function  of  Et  for  two  values  of  Z  (  and  for  each  kind  of  collision  in  a 
target  of  iron. 6-8  The  crossover  point  for  incident  iron  ions  is  about  500  keV;  but 
for  nitrogen  ions,  about  30  keV. 

The  qualitative  features  of  the  energy  loss  rate  curves  of  Fig.  5  may  be 
understood  as  follows.  For  low  ion  energies  and  for  a  "hard"  elastic  interaction 
potential  $  between  ion  and  atom  (viz.,  if  $  falls  off  more  sharply  than  r”2,  as  is 
assumed  for  the  ion-atom  interaction)  the  elastic  energy  transfer  rate  increases 
with  ion  energy  for  basically  the  same  reason  ns  with  billiard  ball  collisions.  But 
unless  the  potential  is  infinitely  hard,  at  sufficiently  high  speeds  for  the  incident 
ion  the  interaction  time  is  so  short  that  the  atom  cannot  be  fully  accelerated 
during  the  interaction  (except  for  rare  head-on  collisions,  for  which  the 

4J.  Lindhard,  V.  Nielsen,  and  M.  Scharff,  Kgl.  Danske  Videnskab. 

Selskab,  Mat.-Fys.  Medd.  36,  No.  10  (1968). 

SM.  Robinson  and  I.  M.  Torrens,  Phys.  Rev.  B9,  5008-5025  (1974). 

6J.  Lindhard,  Kgl.  Danske  Videnskab.  Selskab,  Mat.-Fys.  Medd.  28, 

No.  8  (1954).  O.  B.  Firsov,  Sov.  Phys.  JETP  9,  1076  (1959). 

7J.  Lindhard,  M.  Scharff,  and  II.  E.  Schiott,  Kgl.  Danske  Videnskab. 

Selskab,  Mat.-Fys.  Medd.  33,  No.  14  (1963). 

•I.  Manning  and  G.  P.  Mueller,  Comp.  Phys.  Comm.  7,  85  (1974). 
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interaction  potential  is  hard  indeed).  (The  momentum  transferred  is  /Fdt.)  Thus 
the  energy  loss  rate  decreases  for  higher  ion  energies  as  illustrated  in  Fig.  5.  The 
inelastic  energy  transfer  rates  (Fig.  5)  have  ai  constant  slope  of  0.5,  implying  that 
the  inelastic  transfer  rate  is  proportional  to  E1  or  to  the  ion  velocity  v.  This  rela¬ 
tionship  comes  from  the  model  of  the  inelastic  interaction  as  follows.  When  the 
electron  shells  of  incident  ion  and  host  atom  overlap,  some  electrons  change  their 
atomic  identification  and  transfer  momentum  mv  to  the  electronic  structure  of 
the  recipient  atom.  The  effective  inelastic  force  between  the  two  atoms  is 
therefore,  according  to  the  model,  equal  to  the  product  of  the  electron  transfer 
rate  and  mv.  So  the  inelastic  energy  transfer  is  proportional  to  /mvdR,  where  R 
is  the  relative  position  vector. 


ION  ENERGY  (k«V) 

Figure  5.  A  logarithmic  plot  of  the  rate  of  energy  loss  of  iron  ions  and 
nitrogen  ions  in  an  iron  sample  as  a  function  of  instantaneous  ion  energy. 1,-8  The 
total  energy  loss  rate  is  separated  into  the  elastic  part  (that  results  in  displaced 
host  atoms)  and  the  inelastic  part  (that  results  in  electronic  excitation  of  the  host 
atoms). 
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Ion  Range.  Because  the  incident  ion  is  deflected  by  elastic  collisions,  its 
path  is  not  straight.  For  a  homogeneous  beam  of  iron  ions  striking  an  iron  target 
at  normal  incidence,  a  group  of  paths  might  look  roughly  like  the  sketch  in  Fig.  6. 
It  is  customary  to  define  the  word  "range"  as  the  projected  length  of  the  path  onto 
the  beam’s  initial  velocity  vector.  Variations  in  the  range  from  ion  to  ion  (with  all 
conditions  the  same)  arise  because  of  statistical  fluctuations  in  (i)  the  energy 
losses  in  elastic  collisions  and  (ii)  the  direction  of  the  ion  after  a  collision.  (Those 
collisions  that  involve  greater  energy  transfers  also  involve  greater  deflections.) 
The  inelastic  collisions  are  assumed  to  constitute  a  smooth  braking  force,  hence 
do  not  contribute  to  the  straggling  in  range.  If  the  projection  of  the  initial 
velocity  vector  is  divided  into  equal  increments  or  bins  and  then  the  number  of  ion 
path  projections  that  terminate  in  each  such  bin  are  counted,  a  range  distribution 
curve,  such  as  that  shown  at  the  bottom  of  Fig.  6,  may  be  obtained. 


Figure  6.  A  schematic  representation  of  a  number  of  ion  paths  from  a 
homogeneous  beam  of  100-keV  iron  ions  entering  a  block  of  iron  from  the  left.  In 
general,  the  range  distribution  curve  at  the  bottom  may  be  skewed  either  to  the 
right  or  to  the  left,  depending  on  the  ion  species,  energy,  and  target  material.  For 
implantations  performed  to  modify  the  chemical  or  mechanical  properties  of 
material  surfaces,  it  is  customary  to  assume  a  gaussian  shape  for  the  distribution. 
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Tho  distribution  in  range  in  Fig.  6  is  asymmetric,  being  skewed  toward 
shorter  ranges.  The  precise  shape  of  the  distribution  depends  on  the  ion  snecies, 
incident  ion  energy,  and  target  material.  Even  for  a  given  ion  species  and  target 
material  the  skewness  may  be  either  toward  the  right  or  the  left,  depending  on  the 
incident  ion  energy.  For  implantation  into  semiconductor  devices,  the  skewness 
may  be  important  because  tails  on  the  distribution  may  lead  to  free  carriers 
existing  in  regions  where  free  carriers  are  not  desired,  but  for  implantations 
performed  to  modify  the  chemical  or  mechanical  properties  of  materials,  the 
precise  shape  of  the  distribution  is  not  so  important.  Hence  for  reasons  of 
convenience,  the  distribution  in  range  (hence  the  distribution  in  concentration  of 
implanted  ions)  is  usually  assumed  to  have  a  gaussian  shape. 

Figure  7  shows  the  calculated  distribution  of  ranges  for  several  incident 
energies  of  iron  ions  implanted  into  an  iron  sample  (calculation  based  on  refer¬ 
ences  7  and  8).  Figure  7  suggests  the  possibility  of  tailoring  the  depth  concentra¬ 
tion  profile  of  implanted  ions  so  as  to  achieve  almost  any  desired  smoothly  varying 
(or  constant)  profile.  Of  course  the  range  is  dependent  on  7.  and  Z  as  well  as  F.- 
Figure  8  illustrates  tho  dependence  on  7  by  showing  "the  calculated  range 
distributions  of  nitrogen  ions  with  all  other  parameters  the  same  as  in  Fig.  7. 

Several  computer  codes  are  available,  and  a  few  tabulations9  of  results 
have  been  published,  providing  values  of  mean  range  and  standard  deviation  for 
any  combination  of  ion  and  solid  material.  The  uncertainties  in  the  calculations 
arise  mainly  from  the  method  of  obtaining  the  inelastic  braking  force.  The  best 
calculations  have  uncertainties  of  about  20%:  and  others,  about  00%.  A 
combination  of  experiment  (i.e.,  measurement  of  the  depth  concentration  profile 
of  implanted  ions  for  a  few  energies)  and  theory  can  give  substantially  more 
accurate  values. 

An  experiment  at  NRL  involving  tho  implantation  of  high-energy  (0.8  MoV 
to  3  MeV)  nitrogen  ions  into  silicon  single  crystals10  implies  that  the  range 
straggling  predicted  by  convent iona1  theory7  is  too  large.  Since  range  straggling 
is  caused  mainly  by  elastic  collisions,  thh  result  implies  that  the  cross  section  for 
elastic  atomic  collisions  used  in  reference  7  is  too  large.  Wilson,  Haggmark.  and 
Biersack11  have  recently  developed  a  more  sophisticated  theory  for  this  cross 
section.  I.  Manning12  at  NRL  is  now  applying  the  Wilson  ct  al.  cross  section  to 
analyze  the  NRI,  experimental  results.  Similar  analyses  will  be  made  for  future 
NRL  experiments  that  result  in  accurate  experimental  values  of  range  straggling. 
The  result  may  determine  which  is  the  more  valid  cross  section  (I.indhard  ct  al.  or 
Wilson  ct  al.). 

9D.  K.  Brice.  Ion  Implantation  Range  and  Energy'  Deposition  Distribu¬ 
tions,  Vol.  1,  High  Incident  Ion  Energies,  Plenum  Press.  New  York. 
Washington,  and  London.  1973;  K.  B.  Winlerbon.  Ion  Implantation 
Range  and  Energy  Deposition  Distributions,  Vol.  2.  Low  Incident 
Ion  Energies,  Plenum  Press.  New  York  and  London,  1 975; 

J.  F.  Gibbons,  W.  S.  Johnson,  and  S.  W.  Mylroie,  Projected  Range 
Statistics,  2nd  ed.,  Halstcd  Press,  a  div.  of  John  Wiley  &  Sons. 

Inc.,  New  York,  1975.  Also  see  paper  IB  in  the  present  report. 

10G.  K.  flubler,  P.  R.  Malmberg.  T.  P.  Smith,  HI,  paper  IVA  in  the 
present  report. 

MW.  D.  Wilson,  L.  G.  Haggmark.  and  J.  P.  Biersack,  Ptivs.  Rev.  B15. 

2458  (1977). 

i2Irwin  Manning.  Radiation-Matter  Interactions  Branch,  NRL. 
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Figure  7.  The  calculated  range  distributions  for  iron  ions  of  various 
incident  energies  Ej  in  an  iron  sample  at  normal  incidence  (based  on  references  7 
and  8).  By  judicious  choices  of  incident  ion  energies  and  fluenees  one  can  tailor 
the  depth  concentration  profile  of  implanted  ions  to  particular  needs.  Sputtering 
of  the  surface  influences  the  final  depth  concentration  profile  of  the  implanted 
atoms. 


Figure  8.  The  calculated  range  distributions  (or  depth  distributions  of 
implanted  ions  for  normal  incidence)  for  nitrogen  ions  of  various  incident  energies 
E:  in  an  iron  sample.7’8  This  figure  together  with  Fig.  7  illustrates  the  variation 
ot  range  with  respect  to  the  atomic  number  of  the  incident  ion  Zl  ■  For 
convenience  of  visual  comparison  the  nitrogen  range  distributions  have  been 
compressed  horizontally  and  stretched  vertically  by  a  factor  of  four  with  respect 
to  the  curves  in  Fig.  7.  The  area  under  each  curve  is  proportional  to  the  total 
number  of  implanted  ions  in  each  case;  the  areas  under  all  eight  curves  are  the 
same. 
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Channeling.  The  preceding  section  on  ion  range,  was  discussed  under  the 
implicit  assumption  that  the  target  atoms  were  located  randomly.  In  metals, 
grains  (which  are  miniature  crystals)  typically  have  random  orientations;  hence  for 
any  region  much  larger  than  a  grain,  this  implicit  assumption  of  random 
arrangement  of  atoms  is  reasonable.  But  if  the  incident  ions  are  within  a  small 
angle  (typically  1°)  of  a  low-index  direction  in  a  single-crystal  target,  then  most 
of  the  ions  are  steered1 3  through  the  "channel1'  as  illustrated  by  trajectory  A  in 
Fig.  9.  No  displacements  occur;  so  the  only  energy  transfers  are  inelastic 
(electronic),  and  in  a  perfect  crystal  the  ion’s  range  may  be  several  times  the 
normal  value.  If  a  defect  is  present  (such  as  an  interstitial,  vacancy,  dislocation, 
impurity  atom,  or  thermal  perturbation)  it  is  likely  to  dechannel  the  ion,  as 
illustrated  by  trajectory  B. 

Because  typical  commercial  materials  are  not  single  crystals  and  because 
large  implantation  doses  destroy  the  regularity  if  the  target  is  a  single  crystal, 
channeling  is  important  in  ion  implantation  only  in  special  cases,  such  as  where 
deep  implants  of  small  doses  are  desired  (e.g.,  radioactive  ions,  dopants  for 
luminescence,  or  dopants  for  certain  semiconductor  devices).  Sometimes, 
however,  channeling  is  hard  to  avoid  (e.g.,  with  low-energy  heavy  ions  in  a  single¬ 
crystal  target)  because  (i)  the  critical  angle  may  be  several  degrees  and  (ii)  there 
are  many  directions  that  produce  channeling. 


ooooooooooooooooo 

ooooooooooooooooo 

ooooooooooooooooo 

Figure  9.  Schematic  representations  of  ion  trajectories  in  a  crystal  lattice. 
A:  The  path  of  a  channeled  ion  being  steered  by  the  lattice  rows.  B:  The  path  of 
an  ion  dechanneled  by  an  interstitial  atom. 

13M.  T.  Robinson  and  O.  S.  Oen,  Phys.  Rev.  132,  2385-2398  (1963). 
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Radiation  Damage.  To  displace  an  atom  from  its  lattice  site  requires  the 
expenditure  of  a  minimum  amount  of  energy  that  lies  between  20  eV  and  40  eV  for 
most  materials;  the  average  displacement  energy  Ed  is  about  25  eV.  When  a 
collision  between  an  incident  ion  and  a  target  atom  causes  an  energy  transfer 
much  greater  than  Ed,  the  struck  atom  then  collides  with  other  atoms,  Knocking 
some  of  them  out  of  their  lattice  sites.  This  process  creates  a  cascade  of  colli¬ 
sions  producing  secondary  and  tertiary  knock-on  atoms.  Thus  an  ion  leaves  a  path 
of  havoc  in  its  wake,  and  the  residual  effect  of  this  havoc  is  called  "radiation 
damage."  However,  this  term  is  somewhat  misleading  because  the  overall  result 
may  be  beneficial  instead  of  detrimental.  For  example,  the  ion  beam  tends  to 
clean  the  surface  (by  means  of  sputtering);  and  the  interstitial  atoms  produce  in 
the  implanted  layer  compressive  stresses  which  appear  to  play  a  role  somewhat 
analogous  to  those  in  prestressed  concrete.  This  section  considers  the  volume 
effects  of  the  passage  of  the  ions  (displacements),  and  the  next  section  considers 
the  surface  effects  (sputtering). 

The  total  number  of  atoms  displaced  depends  on  a  number  of  factors:  the 
average  displacement  energy  Ej,  the  ion's  initial  energy  Ej,  the  relative  masses  of 
the  colliding  atoms,  and  the  dose  or  fluence  of  implanted  ions.  (The  flux  of 
incident  ions  is  defined  as  the  number  of  ions  per  unit  area  per  unit  time  striking 
the  target,  and  the  fluence  (dose)  is  defined  as  the  integration  of  flux  over  time. 
So  fluence  has  dimensions  of  ions  per  unit  area.)  For  the  situation  in  which  the 
bombarding  species  and  bombarded  species  are  the  same,  the  number  of 
displacements  per  incident  ion  (Nd)  is  given  by  the  approximation 


Nd  =  0.8  v(E)  E,-/2Ed,  (2) 

which  is  a  variation  of  the  Kinchin-Pease14  formula,  which  was  orginally  derived 
for  calculations  of  radiation  damage  to  reactor  materials  by  neutrons.  The  energy 
partition  function  v(E)  represents  the  fraction  of  the  total  energy  transfer  that 
goes  into  elastic  collisions.  This  function  was  not  in  the  original  Kinchin-Pease 
derivation  because,  in  the  neutron  knock-on  energy  regime,  essentially  all  the 
energv  loss  is  of  the  elastic  type.  The  "2"  in  Eq.  2  is  a  statistical  factor  that 
arises  from  the  model,  in  which  the  final  displacement  collision  in  each  branch  of 
the  cascade  results  in  two  atoms,  each  of  which  possesses  a  kinetic  energy  of  Ed 
or  less.  Although  the  original  formula  (without  0.8  v(E))  was  derived  under  rather 
crude  assumptions,  after  it  had  been  used  for  more  than  a  decade,  computer 
simulations15  showed  that  it  is  surprisingly  accurate  if  one  merely  multiplies  the 
right-hand  side  by  0.8  v(E). 

For  example,  when  a  100-keV  iron  ion  is  implanted  into  an  iron  specimen, 
application  of  Eq.  (2)  indicates  that  on  the  average  each  lattice  atom  of  iron  in 
the  region  traversed  by  the  ions  is  displaced  about  500  times  during  the 
bombardment.  This  number  taken  by  itself  seems  to  raise  the  question  whether 
the  implanted  region  can  maintain  its  structural  integrity.  Metals  usually  do 

14G.  H.  Kinchin  and  R.  S.  Pease,  Rep.  Prog.  Phys.  18,  1-51  (1955). 

15M.  J.  Norgett,  M.  T.  Robinson,  and  I.  M.  Torrens,  Nucl.  Eng.  Deg. 

33,  50-54  (1975). 
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maintain  their  structural  integrity,  and  the  reason  is  that  almost  as  many  lattice- 
vacancy/interstitial-atom  recombinations  as  displacements  occur.  There  are 
several  mechanisms  by  means  of  which  these  recombinations  occur.  One  mechan¬ 
ism  is  thermal  activation  (except  at  cryogenic  temperatures).  Another  mechanism 
is  the  mutual  elastic  interaction  between  defects  in  meials,  even  in  the  absence  of 
thermal  activation.  For  example,  an  interstitial  atom  and  a  vacancy  may  combine 
(by  means  of  the  ordinary  phenomenon  of  barrier  penetration  from  wave 
mechanics)  even  at  cryogenic  temperatures  from  separations  as  great  as  two  or 
three  atoms  by  sucessive  spontaneous  lattice  jumps  towards  eacn  other.  These 
considerations  imply  that  an  upper  limit  to  the  number  of  interstitial-vacancy 
pairs  in  the  implanted  region  of  a  metal,  even  at  cryogenic  temperatures,  is 
roughly  one  percent  of  the  lattice  sites.  At  room  temperature,  thermal  activation 
normally  causes  the  actual  net  relative  number  of  displacements  to  be  substan¬ 
tially  less  than  this  upper  limit. 

Radiation  damage  must  be  annealed  out  of  semiconductor  devices  after 
implantation  because  the  disorder  causes  a  drastic  reduction  in  minority  carrier 
lifetime.  The  annealing  is  usually  performed  at  a  temperature  between  300°C  and 
900°C,  depending  on  the  ion  species,  semiconductor  material,  attached  materials 
(such  as  aluminum  leads),  implantation  energy,  and  dose;  but  some  devices  are 
annealed  by  laser  or  electron  beams.  During  the  annealing  process,  the  amorphous 
layer  may  recrystallize  epitaxially  onto  the  undisturbed  substrate. 

For  implantations  in  alloys  to  enhance  their  resistance  to  corrosion  or 
wear,  the  residual  radiation  "damage"  may  even  be  beneficial,  hence  is  usually  not 
annealed  out.  One  reason  is  that  the  implantation  process  leaves  many  atoms 
(both  implanted  and  host)  in  interstitial  sites  in  the  implanted  layer  (typically,  a 
few  hundred  atoms  thick).  These  interstitials  constitute,  in  effect,  wedges.  As  a 
result,  this  layer  tends  to  expand,  but  the  expansion  is  restricted  by  the  much 
thicker  substrate  and  by  the  surface  energy.  The  result  is  a  compressive  stress 
near  the  surface,  and  this  compressive  stress  may  inhibit  the  initiation  or 
propagation  of  cracks,  thereby  accounting  in  part  for  the  observed  improvements 
in  mechanical  properties  of  the  material.  Another  reason  that  radiation  damage 
may  be  beneficial  is  that,  under  some  unusual  conditions,  ion  implantation  in 
metals  may  produce  an  amorphous  surface  layer  even  for  metals,  6  and  some 
amorphous  metals  produced  by  means  other  than  ion  implantation  have  been  found 
to  possess  greater  strength  than  the  corresponding  crystalline  alloys17  and  also  to 
possess  greater  corrosion  resistance.1 8  A  potential  detrimental  effect  of  residual 
radiation  damage  in  crystalline  metals  is  the  existence  of  high-energy  sites  that 
may  be  vulnerable  to  corrosion. 


1  6 A.  Ali,  W.  A.  Grant,  and  P.  J.  Grundy,  Phil.  Mag.  37B,  353-376 
(1978);  Radial.  Eff.  34,  251-254  (1977). 

17T.  Masumoto  and  R.  ivladdin,  Mater.  Sci.  Eng.  19,  1-24  (1975). 

1 8T.  M.  Devine  and  E.  Wells,  Scr.  Met.  10,  309-310  (1976);  M.  Naka, 
K.  Hoshimoto,  and  T.  Masumoto,  Corrosion  32,  146-152  (1976); 
K.  Hashimoto,  K.  Osada,  T.  Masumoto,  and  S.  Shimodaira, 
Corros,  Sci.  16,  71-76  (1976). 
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A  computer  code  which  is  now  under  development1  9  at  NRL  utilizes  the  ion 
implantation  range  distribution  to  estimate  the  profile  of  the  damage  energy  SD 
as  a  function  of  penetration  depth  x.  A  knowledge  of  SD(x)  is  equivalent  to  a 
knowledge  of  the  density  profile  of  atomic  displacements.  Experience  suggests 
that  the  capability  of  conveniently  calculating  SD(x)  will  find  many  applications  in 
the  analysis  of  ion  implantation  phenomena.  In  particular,  this  code  is  expected  to 
facilitate  the  phenomenological  analysis  of  (a)  ion-beam  mixing  effects  in  ion 
implantation  (ion  beam  mixing  is  discussed  in  paper  IVD  in  this  report)  and  (b) 
damage-enhanced  diffusion  effects  in  ion  implantation. 

Sputtering.  Wherever  the  cascade  of  knock-on  atoms  intersects  the 
surface,  an  atom  may  leave  the  surface  if  its  energy  exceeds  the  surface  binding 
energy  (usually  in  the  range  2-5  eV).  This  process  of  emission  of  atoms  from  the 
surface  is  called  "sputtering,"  and  the  number  of  sputtered  atoms  per  incident  ion 
is  called  the  "sputtering  yield"  (S).  Sputtering  is  a  significant  factor  for  heavy 
implantation  doses,  which  are  common  for  metal  targets,  because  sputtering  (i) 
may  have  a  substantial  effect  on  the  depth  concentration  profile  of  implanted  ions 
and  (ii)  may  seriously  limit  the  maximum  achievable  concentration  of  implanted 
ions. 

The  sputtering  yield  depends  on  a  number  of  parameters,  including  ion 
energy,  species,  flux,  angle  of  incidence,  target  material,  dose,  crystal  state, 
surface  binding  energy,  and  perhaps  other  parameters  as  yet  unknown.  The 
general  nature  of  these  dependences  is  as  follows. 

Ion  Energy.  The  dependence  of  S  on  incident  ion  energy  Ej  (Fig.  10)  may  be 
understood  qualitatively  in  terms  of  elastic  collisions  and  the  binding  energy  of  a 
surface  atom.  A  given  target  atom  may  receive  a  maximum  amount  of  energy 
(determined  by  classical  mechanics)  from  the  incident  ion  and,  if  this  energy  is 
less  than  the  surface  binding  energy,  no  sputtering  can  occur.  Thus,  a  sputtering 
threshold  energy  (Et)  is  expected.  At  higher  energies,  S  rises  with  Ej  because 
collisions  involving  less  than  the  maximum  energy  transfer  begin  to  contribute  to 
the  process.  As  Ej  continues  to  increase,  it  eventually  reaches  an  energy  at  which 
the  rate  of  elastic  energy  transfer  decreases  (as  in  Fig.  5).  The  collision  cascade 
near  the  surface  subsides,  leading  to  a  decrease  in  sputtering.  Although  this 
simple  picture  qualitatively  describes  the  actual  behavior  of  S  with  respect  to  Ej, 
there  are  quantitative  differences  (which  are  not  understood)  between  this  simple 
picture  and  experiment  (in  both  the  threshold  energy  Et  and  the  subsequent 
variation  of  S). 

Ion  Species.  As  can  be  seen  by  an  inspection  of  Fig.  5  a  high-7,  incident  ion 
(in  this  case,  iron)  transfers  a  larger  fraction  of  its  energy  via  elastic  collisions 
than  a  low-Z  ion  (in  this  case,  nitrogen).  Hence  S  increases  as  a  function  of  Z  as 
illustrated  by  the  measured  values20  of  Fig.  11. 

l9W.  A.  Fraser  and  Irwin  Manning,  Radiation-Matter  Interactions 
Branch,  NRL. 

20  Adapted  from  H.  H.  Andersen  and  H.  L.  Bay,  Radiat.  Eff.  19, 

139-146  (1973);  13,  67-74  (1972). 
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Figure  10.  A  schematic  representation  of  the  sputtering  yield  S  as  a 
function  of  incident  ion  energy  E:.  The  energy  scale  is  for  a  "typical"  case  only; 
the  scale  for  an  actual  case  is  a  function  of  several  parameters,  including  the  ion 
species  and  target  material.  In  particular,  the  threshold  energy  E*  is  related  to 
the  binding  energy  of  the  surface  atoms  and  to  the  maximum  transferable  energy 
in  a  single  collision  from  classical  (billiard  ball)  mechanics.  The  curve  rises  above 
Et  because  collisions  other  than  those  transferring  maximum  energy  begin  to 
contribute.  The  rest  of  the  curve  generally  follows  the  shape  of  the  elastic  part 
of  the  energy-loss  rate  (Fig.  5). 


Figurte  11.  The  sputtering  yield  S  at  normal  incidence  from  polycrystalline 
copper  and  silver  and  amorphous  silicon  targets  as  a  function  of  incident  ion 
atomic  number  Z^20  The  incident  ion  energy  is  45  keV  in  all  cases.  One  may  not 
interpolate  to  obtain  curves  for  other  target  materials  because  the  sputtering 
yield  does  not  vary  monotonically  with  Z2;  rather  it  depends  more  on  the  surface 
binding  energy  than  on  Z2> 
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Angle  of  Incidence.  As  the  angle  of  incidence  0  (the  angle  between  the 
incident-velocity  vector  and  the  normal  to  the  surface)  varies  from  zero,  one 
expects  S  to  be  proportional  to  sec  0  since,  for  a  given  instantaneous  depth  of  the 
incident  ion  in  the  target  the  path  length  of  the  ion  is  proportional  to  sec  0. 
However,  the  multiple  scattering  implicit  in  the  sputtering  process  complicates 
this  simple  picture:  The  sputtering  yield  actually21  depends  on  (sec  0)x,  where  x 
is  slightly  greater  than  one;  and  the  precise  dependence  is  a  function  of  the 
incident  and  target  atoms.  This  sec  0  dependence  breaks  down  for  large  values  of 
0  because  of  the  escape  of  indident  ions  from  the  surface.  The  dependence  is 
qualitatively  illustrated  by  Fig.  12.  For  single-crystal  materials,  the  relationship 
between  0  and  channeling  directions  has  a  major  influence  on  S. 

Target  Material.  The  sputtering  yield  depends  on  the  mass  of  the  target 
atoms  because  the  energy  transferred  in  a  collision  depends  on  this  mass.  But  a 
more  critical  dependence  is  the  approximately  inverse  proportionality  between  S 
and  the  surface  binding  energy,  which  depends  on  surface  topography,  grain 
characteristics,  crystal  plane  and  crystal  axis  orientation  within  the  grain,  and 
other  surface  conditions  as  well  as  atomic  number  and  basic  lattice  constants. 


Figure  12.  A  schematic  representation  of  the  sputtering  yield  S  as  a 
function  of  the  angle  of  incidence.21  For  angles  below  roughly  70°,  the  curve 
follows  sec  0 ,  approximately.  At  larger  angles  the  curve  shape  is  determined  by 
the  rate  of  escape  of  incident  ions  through  the  surface,  and  this  factor  is  in  turn 
determined  by  the  elastic  collision  rate,  the  relative  masses  of  ion  and  host  atom, 
and  surface  topography. 

21  Adapted  from  K.  B.  Cheney  and  E.  T.  Pitkin,  J.  Appl.  Phys.  36, 

3542-3544  (1965). 
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Dose.  If  the  target  atoms  and  incident  ions  are  not  the  same  species,  then 
the  composition  of  the  surface  changes  as  a  function  of  time  (or  dose  or  fluence); 
so  in  order  to  predict  the  sputtering  at  any  given  time,  one  must  take  into  account 
the  near-surface  composition  at  that  time. 

These  dependences  may  be  summarized  as  follows.  The  conditions  that 
lead  to  large  sputtering  yields  are 

(i)  a  low  value  of  target  surface  binding  energy, 

(ii)  a  high  value  of  Z  , 

(iii)  an  intermediate  iJalue  of  Ej  (about  100  keV),  and 

(iv)  a  high  value  of  0  (but  not  more  than  about  70°). 

Figure  13  illustrates  some  of  these  dependences  and  gives  measured  values 
of  S  for  different  ions  incident  on  polyerystalline  copper.  An  example  of  the 
significance  of  the  sputtering  yield  follows.  From  Fig.  13  we  see  that  50-keV 
argon  ions  striking  polycrystalline  copper,  at  normal  incidence,  exhibit  a 


Figure  13.  The  sputtering  yield  (S)  for  a  polycrystalline  copper  target  as  a 
function  of  incident  ion  energy  Ej  for  various  ion  species  at  normal  incidence. 
These  curves  have  the  same  general  shape  as  the  elastic  energy-loss  curves  of 
Fig.  5. 


22  Adapted  from  the  data  of  reference  20  and  O.  Almen  and  G.  Bruce, 
Nucl.  Inst.  Methods  11,  257  (1961);  G  Dupp  and  A.  Scharmann,  Z. 
Phvsik  192,  284  (1966);  194,  448  (1966);  and  F.  Keywell,  Phvs. 

Rev.  97,  1611  (1955). 
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sputtering  yield  of  about  seven.  Therefore  for  a  fluenee  of  10 17  argon  ions/cm2 
on  copper,  about  7  x  10 17  copper  atoms/cm2  (equivalent  to  360  atom  layers)  are 
sputtered.  Although  this  dimensional  change  is  not  measurable  by  ordinary 
instruments,  it  is  several  times  the  range  of  50-keV  argon  ions  in  copper  (95  atom 
layers),  hence  removes  all  of  the  atoms  initially  implanted  if  the  implantation 
energy  is  held  constant. 

There  are  several  beneficial  effects  of  a  small  amount  of  sputtering  during 
implantation,  (i)  The  process  tends  to  clean  the  surface  being  bombarded,  (ii) 
Sputtering  (under  certain  conditions)  tends  to  polish  the  surface,  (iii)  As  the 
surface  erodes  during  bombardment,  lower  layers  become  exposed;  so  if  one 
bombards  long  enough,  the  layer  in  which  the  initial  ions  were  implanted  is 
exposed.  This  effect  can  be  an  advantage  when  one  is  implanting  for  anticorrosion 
purposes  where  one  wants  a  substantial  concentration  of  implanted  ions  right  on 
the  surface,  (iv)  Surface  analysis  techniques  can  be  used  with  sputtering  to 
measure  concentrations  of  elements  as  a  function  of  depth,  (v)  Sputtering  leads  to 
a  saturation  concentration  of  implanted  ions.  The  larger  the  fraction  of  implanted 
atoms  in  the  target  the  more  implanted  atoms  are  themselves  sputtered  until 
eventually  (after  the  erosion  depth  becomes  a  few  times  the  original  implantation 
depth)  an  equilibrium  is  reached  at  which  one  previously  implanted  atom  is 
sputtered  for  each  new  atom  that  is  implanted.  If  S  »  1,  then  this  equilibrium 
relative  concentration  of  implanted  atoms  is  1/S,  or  100/S  atom  percent. 
Although  this  effect  may  not  always  be  deemed  beneficial,  it  can  be  beneficial, 
for  example,  in  smoothing  out  concentration  fluctuations  in  the  implantation  of  an 
object  with  a  complex  shape  for  which  it  is  difficult  to  assure  uniform  irradiation. 
(A  complicating  consideration  is  that,  if  an  object  has  a  complex  shape,  resulting 
in  different  angles  of  incidence  at  different  locations,  then  S  is  a  function  of 
location,  and  the  equilibrium  concentration  is  also  a  function  of  location.) 

Although  the  equilibrium  relative  concentration  of  implanted  atoms  is 
100/S  atom  percent,  one  can  circumvent  equilibrium  and  exceed  the  equilibrium 
value  substantially  by  decreasing  the  incident  ion  energy  as  a  function  of  time 
such  that  the  newly  implanted  ions  always  come  to  rest  in  the  same  physical  layer 
and  by  stopping  the  implantation  process  when  the  eroding  surface  is  near  or  at 
this  physical  layer. 

NRL  Research  on  Sputtering.  Because  of  the  large  number  of  parameters 
involved  with  sputtering,  not  all  have  been  investigated  adequately  for  general 
industrial  application.  For  example,  most  research  to  date  has  involved  single¬ 
element  materials  rather  than  mixtures,  such  as  alloys.  For  these  reasons  NRL  is 
engaged  in  a  basic  research  program23  of  investigating  the  sputtering  of 
multicomponent  samples  during  the  transition  period  between  an  initially 
unimplanted,  unsputtered  surface  and  a  surface  containing  a  steady-state 
distribution  of  implanted  atoms.  Most  previous  studies  of  this  nature  have 
concentrated  on  analysis  of  the  target  surface.  Although  the  NRL  project  also 
involves  examining  the  final  target  surface,  the  emphasis  of  the  NRL  project  is  on 
the  sputtered  atoms  themselves  because  they  reveal  more  information  than  the 
surface  they  leave  behind.  Sputtered  atoms  will  be  collected  on  catcher  foils 

23M.  R.  Weller,  Materials  Modification  and  Analysis  Branch,  NRL. 


27 


surrounding  the  targets,  and  these  foils  will  be  analyzed  to  obtain  angular 
distributions  for  the  sputtered  species.  It  is  anticipated  that,  even  after  a  steady- 
state  situation  has  been  reached  in  the  target,  the  angular  distributions  of 
different  species  will  not  be  the  same.  Investigations  of  binary  systems  should 
give  some  indication  of  how  various  properties  of  the  target  atoms  (mass,  binding 
energies,  etc.)  affect  the  sputtering  of  multicomponent  samples. 

In  another  series  of  experiments  (concurrent  with  the  catcher-foil  measure¬ 
ments)  the  light  emitted  by  excited  sputtered  atoms  will  be  monitored  or 
measured  according  to  intensity  and  wavelength.  Such  data  will  reveal  changes  in 
the  total  sputtering  yields  of  the  original  target  elements  and  of  the  implanted 
species  as  a  function  of  implanted  dose.  This  information  will  complement  that 
obtained  with  the  catcher-foil  measurements.  In  addition,  this  technique  permits 
the  study  of  systems  which  cannot  be  easily  studied  with  catcher-foil  techniques 
but  which  are  nevertheless  important  and  of  scientific  interest. 


Commercial  Status  and  Future  Outlook 

The  status  of  ion  implantation  in  the  semiconductor  device  industry  is  well 
established.  With  several  companies  manufacturing  and  servicing  implantation 
machines,  about  450  machines  (worldwide)  were  engaged  in  production  and 
research  in  1979.  But  at  that  time  the  commercial  application  of  ion  implantation 
outside  the  semiconductor  field  was  limited  to  a  few  instances  in  the  United 
Kingdom. 

Estimates  of  the  production-line  cost  (depreciation,  overhead,  materials, 
and  labor)  of  implanting  metals  depend  on  several  assumptions  (including  the  ion 
current  available  and  the  fluence  needed)  some  of  which  vary  (according  to 
circumstances)  by  more  than  an  order  of  magnitude.  For  a  fluence  of  1017 
ions/cm2  of  an  element  such  as  chromium  into  a  steel  part  (a  typical  dose  for 
many  nonsemiconductor  applications)  the  cost  is  estimated  to  be  the  order  of  104“ 
per  square  centimeter  at  the  1980  state  of  the  technology.  This  cost  rate,  which 
may  decrease  significantly  as  the  technology  advances,  implies  that  the  ion 
implantation  of  small  or  medium-size  parts  is  cost  effective  where  reliability  is 
important  or  where  the  implantation  substantially  increases  the  time  between 
replacements  and  where  a  substantial  amount  of  labor  is  involved  in  the 
replacement. 

Because  research  results  in  the  late  1970s  imply  that  ion  implantation  may 
have  as  promising  a  future  in  the  modification  of  the  chemical,  optical,  or 
mechanical  properties  of  materials  as  in  the  modification  of  the  electrical 
properties,  it  appears  reasonable  to  expect  that  these  commercial  applications  of 
ion  implantation  will  occur  during  the  early  1980s. 
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ION  IMPLANTATION  SIMULATIONS  WITH  MARLOWE 


G.  P.  Mueller  and  Mervine  Rosen 

Radiation- Matter  Interactions  Branch 
Radiation  Technology  Division 


MARLOWE  is  a  binary-collision  simulation  code  developed  by  M.  T. 
Robinson  and  I.  M.  Torrens1  to  study  the  effects  of  neutron  and  heavy  ion 
irradiations  on  crystalline  materials.  The  code  models  a  crystal  lattice  and 
observes  the  collision  histories  of  both  the  impinging  particles  and  of  each  lattice 
atom  they  set  in  motion.  After  the  irradiation,  the  code  reports  all  changes  in  the 
lattice  (vacancies,  interstitials)  and  all  particles  that  may  have  escaped  the 
crystal. 

The  code  is  flexible  both  in  the  variety  of  initial  conditions  that  it  allows 
and  in  the  forms  of  output  that  can  be  requested.  MARLOWE  operates  most 
efficiently  for  knock-on  energies  between  the  displacement  energy  of  lattice 
atoms  at  the  low  end  and  tens  of  keV  at  the  upper  end. 

The  latest  version  of  MARLOWE  has  been  converted  and  is  available  for 
use  on  the  NRL  Texas  Instruments  Advanced  Scientific  Computer.  Tables  I  and  II 
indicate  the  flexibility  of  the  code  by  listing  some  of  the  input  and  output  choices 
that  are  available. 

The  first  calculation  planned  as  part  of  the  ion  implantation  program 
involves  a  study  of  the  recoil  implantation  of  boron  in  beryllium.  In  the 
experiment,  a  beam  of  boron  particles  is  implanted  into  beryllium  through  a  10-nm 
layer  of  boron  already  deposited  on  the  surface  of  the  beryllium.  Some  of  the 
boron  atoms  are  driven  into  the  beryllium  by  the  boron  beam  particles. 

The  analysis  with  MARLOWE  will  be  done  in  two  stages.  The  first  will 
consist  of  a  run  with  a  boron  beam  passing  through  a  thin  boron  film.  The  output 
of  this  run  will  be  a  table  of  the  number  of  beam  and  recoil  ions  at  various  angles 
and  energies  escaping  the  far  surface  of  the  thin  film.  A  second  run  will  be  made 
in  which  the  output  of  the  initial  run  is  used  as  a  diffuse  beam  on  a  beryllium 
target.  The  output  of  this  run  will  then  list  the  final  resting  places  of  all  of  the 
boron  recoils  and  boron  beam  ions  in  the  beryllium.  The  damage  done  to  the 
beryllium  by  the  stopping  particles  will  also  be  evaluated. 

A  comparison  of  the  code  calculations  with  the  experimental  results  will 
assist  in  separating  recoil  implantation  effects  from  diffusion  due  to  the  local 
melting  effects  at  the  boron-beryllium  interface.  The  latter  are  not  treated  by 
the  code. 

lM.  T.  Robinson  and  I.  M.  Torrens,  Phys.  Rev.  B9,  5008  (1974). 
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IrtECEDING  PAOK  BLANK -NOT  FlwE) 


TABLE  I.  INPUT  CHOICES 


CRYSTAL  STRUCTURE  (cubic,  diamond,  etc.) 
single  crystal 
polycrystalline 
amorphous 

CHEMICAL  ORDERING 

any  specified  amount  of  disorder 

INITIAL  VACANCIES 

INITIAL  INTERSTITIALS 

SURFACES 

infinite  solid 
semi-infinite  solid 
thin  film 

TEMPERATURE  (zero  or  finite) 

CROSS  SECTIONS 

various  elastic  and  inelastic  cross  sections 

SOURCE  OF  IRRADIATION 
internal 
external  beam 
choice  of: 
direction 
beam  divergence 
target  area 
crystal  surface 


TABLE  n.  OUTPUT  CHOICES 


RANGE  DISTRIBUTIONS 
histograms 

range  moments  (1st  -  ^th) 


VACANCY  AND  INTERSTITIAL  DISTRIBUTIONS 

separation  pairings  of  vacancies  and  interstitials 

SPUTTERING  YIELD 

direction  and  energy  of  sputtered  particles 


REFLECTION  AND  TRANSMISSION  OF  BEAM 


REPLACEMENT  SEQUENCE  DIRECTIONS 
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Introduction 

Work  at  Harwell1’2  and  NRL3  has  shown  that  the  ion  implantation  technique  can 
be  used  to  significantly  improve  the  lubricated  sliding  wear  resistance  of  steels.  Most 
work  has  concentrated  on  the  effects  of  the  implantation  of  nitrogen  ions.  Intense 
nitrogen  ion  beams  are  easily  obtained  and  the  nitrogen  ions  affect  a  number  of  surface 
sensitive  mechanical  properties  of  steels.4  For  example,  sliding  wear  rates  for  nitrogen- 
implanted  stainless  steels,  such  as  AISI  304,  have  been  reduced  by  factors  of  twenty  or 
more.3  Reductions  in  sliding  wear  have  also  been  found  for  the  nitriding  steel  EN40B, 
annealed  440C  stainless  steel,  and  mild  steel.1’2  Other  ions  besides  nitrogen,  such  as 
carbon,  boron,  titanium,  and  molybdenum,  can  also  reduce  lubricated  sliding  wear  in 
these  steels.1’5  In  general,  the  largest  reductions  in  sliding  wear  from  ion  implantation 
have  been  found  for  the  relatively  soft  stainless  steels. 

♦This  work  was  supported  in  part  by  DARPA. 

XN.  E.  W.  Hartley,  G.  Dearnaley,  J.  F.  Turner,  and  J.  Saunders, 

"Friction  and  Wear  of  Ion  Implanted  Metals,"  in  Applications  of 
Ion  Beams  to  Metals,  eds.,  S.  T.  Picraux,  E.  P.  EerNisse,  and 
F.  L.  Vook,  Plenum  Press,  New  York  (1974)  pp  123-138. 

2G.  Dearnaley  and  N.  E.  W.  Hartley,  "Ion  Implantation  into  Metals  and 
Carbides,"  Thin  Solid  Films  54,  215-231  (1978). 

3  J.  K.  Hirvonen,  "Ion  Implantation  in  Tribology  and  Corrosion 
Science,"  J.  Vac.  Sci.  Technol.  15,  1662-1668  (1978). 

4H.  Herman,  W.  W.  Hu,  C.  R.  Clayton,  J.  K.  Hirvonen,  R.  Kant,  and 

R.  K.  MacCrone,  "Modification  of  Mechanical  Properties  Through  Ion 
Implantation,"  Ion  Plating  and  Allied  Techniques  79,  CEP 
Consultants  Ltd,  UK  (1979)  pp  255-263. 

5  J.  K.  Hirvonen,  C.  A.  Carosella,  R.  A.  Kant.  I.  Singer,  R.  Vardiman, 
and  B.  B.  Rath,  "Improvement  of  Metal  Properties  by  Ion 
Implantation,"  Thin  Solid  Films  63,  5-10  (1979). 
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There  is  therefore  a  question  of  whether  or  not  ion  implantation  can  reduce  the 
sliding  wear  of  through-hardened  bearing  steels  such  as  AISI  52100,  M50,  and  440C.  This 
is  certainly  a  relevant  question  because  the  demanding  operating  conditions  of  (high 
speed,  low  load)  instrument  bearings  and  (low  speed,  high  load)  engine  bearings  create 
wear,  fatigue,  and  corrosion  problems.  Attempts  have  been  made  to  alleviate  these 
difficulties  with  various  coating  technologies,  such  as  rf  sputtering  and  chemical  vapor 
deposition.  However,  coating  techniques  (i)  have  a  degree  of  inherent  adhesion  problems, 
(ii)  can  change  the  temper  and  dimensionality  of  parts,  and  (iii)  require  relatively 
expensive  machining  as  well  as  further  heat  treatment. 

This  paper  describes  experiments  for  reducing  friction  and  wear  in  AISI  52100 
(martensitic)  bearing  aliov  steel  with  ion  implantation.  AISI  52100  steel  is  the  most 
common  bearing  alloy  presently  used  for  aeronautical  applications.  It  is  through- 
hardened  martensitic  steel  with  a  Knoop  hardness  number  (KHN)  of  750  kg/mm2  at  room 
temperature.  Applications  of  this  steel  are  limited,  however,  to  noncorrosive 
environments  and  to  temperatures  below  175°C,  since  the  steel  rapidly  loses  its  hardness 
above  this  temperature.  The  nominal  alloy  composition  (atomic  per  cent)  of  52100  is 
Fe/93.2,  C/4.48,  Cr/1.50,  Si/0.48,  and  Mn/0.34. 


Experimental  Procedure 

Implantation.  Implantation  of  all  AISI-52100  steel  samples  was  done  with  a 
modified  Model  200-20 A2F  Varian/Extrion  ion  implanter.  The  ion  source  is  a  hot  cathode 
arc  discharge  type.  Producing  ion  beams  for  gaseous  elements  is  standard,  and  ion  beams 
up  to  1  mA  are  obtainable.  For  metal  ion  beams,  such  as  titanium,  a  chlorination 
technique  is  employed.  Chlorine  gas  is  passed  through  fine  titanium  powder  contained  in 
a  graphite  oven  within  the  source  chamber,  producing  titanium  chlorides,  which  volatilize 
at  the  high  source  temperature  and  are  subsequently  ionized.  Ion  beams  intensities  of 
about  200  yA  of  Ti+  are  routinely  obtained. 

Both  flat  and  cylindrical  52100  samples  were  implanted  in  this  work.  The  52100 
steel  flats  were  water  cooled  and  were  kept  near  room  temperature  (<50°C)  during 
implantation.  The  52100  steel  cylindrical  samples  were  rotated  during  implantation  and 
their  temperature  stayed  under  150°C  during  the  period  of  implantation  (2-5  hr).  The  ion 
beams  were  electrostatically  scanned  over  the  samples,  with  average  target  currents  the 
order  of  50  uA/cm2.  The  target  chamber  was  cryogenically  pumped  and  pressures  of 
about  5  x  10~'  torr  are  typical  during  implantation. 

A  number  of  different  elements  were  implanted  in  the  52100  steel,  and  the 
implantation  parameters  are  summarized  in  Table  I.  These  implantation  parameters  give 
gaussian  distribution  profiles,  usually  skewed  toward  the  surface  because  of  sputtering 
effects,  with  the  peak  of  the  distribution  in  the  first  50-100  nm  of  the  52100  steel.  The 
peak  concentrations  are  about  30  atomic  percent. 


>■ 
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Table  I.  Implantation  parameters  for  friction  and  wear  experiments.  TTie  implants 
marked  with  an  asterisk  (*)  were  for  the  ball-on-cylinder  wear  experiments. 

Element 

Energy  (keV) 

Fluence  (lO^/cm2) 

Ti 

190 

4.6 

B 

35 

2.3 

C 

40 

2.3 

N 

46 

2.3 

P 

40 

2.3 

S 

105 

4.0 

Mo 

150 

2.0 

Ti* 

150 

2.0 

N* 

75 

2.0 

Friction  and  Wear 

Three  types  of  apparatus  were  used  to  determine  friction  and  wear:  a  "stick-slip" 
machine,  a  pin-on-disk  geometry  machine,  and  a  ball-on-cylinder  geometry  machine.  The 
first  apparatus,  which  was  used  to  measure  friction,  utilizes  a  sphere  sliding  on  a  plane 
surface  (platen).  The  platens  used  in  these  studies  were  1.9-em  (0.75  in.)  diameter  52100 
steel  disks,  which  were  lapped  and  polished.  The  final  polishing  was  done  with  a  3-ym 
diamond  paste  suspended  in  lapping  oil.  The  surface  had  a  mirror  finish,  but  micro¬ 
scratches  were  easily  visible  with  an  optical  microscope  at  a  magnification  of  1100. 
Surface  roughness  as  measured  with  a  profilometer  was  less  than  0.025  ym  (<  1  yin.). 
After  being  polished,  those  specimens  were  treated  with  a  corrosion-prevention  surface 
coating  and  stored  in  a  desiccator.  They  were  cleaned  by  solvents  before  implantation, 
then  retreated  and  kept  in  a  desiccator.  Just  prior  to  the  friction  measurements  the 
disks  were  recleaned  with  benzene  and  2-propanol.  The  sliders  were  1.27-cm  (0.5-in) 
diameter  spheres  of  52100  steel.  The  surface  roughness  was  0.025  ym  (1  yin.).  These 
sliders  were  cleaned  by  refluxing  benzene  in  a  Soxhlet  extractor. 

The  slider  in  the  "stick-slip"  apparatus  is  attached  to  an  elastically  restrained 
friction  arm,  and  the  disk  is  clamped  to  a  sliding  table  so  that  the  disk  moves  under  the 
steel  slider.  Two  pairs  of  resistance  strain  gages,  bonded  to  the  arm,  measure  the  normal 
and  tangential  forces  (load  and  friction). 

Wear  rates  were  determined  with  the  pin-on-disk  and  with  the  ball-on-cylinder 
apparatus.  The  former  used  the  same  disks  studied  in  the  "stick-slip"  machine.  The 
"pins"  were  the  same  52100  steel  spheres  as  used  in  the  friction  studies,  loaded  with  a 
force  of  9.8  N.  The  disks  were  rotated  at  20  rpm  resulting  in  velocities  the  order  of  1.5 
cm/sec.  These  conditions  should  produce  a  boundary  lubrication  condition  (i.e.,  only 
monomolecular  lubricant  coverage,  not  sufficient  for  hydrodynamic  or  elastohydro- 
dynamic  lubrication).  Hexadecane  was  chosen  as  the  lubricant  in  these  studies.  This 
material  is  a  well  defined,  easily  purified,  and  relatively  uncomplicated  molecule, 
CH  (CH^)14CH3,  with  a  melting  point  just  below  room  temperature.  It  is  a  relatively 
ineffective  boundary  lubricant  because  it  has  no  polar  end  group  and  therefore  cannot 
form  a  close-packed,  solid-type,  monomolecular  film  on  the  solid  surface  that  is 
characteristic  of  an  effective  boundary  lubricant.  Thus  it  will  permit  a  wear  rate  that  is 
measurable  in  a  reasonable  time  period.  With  an  effective  boundary  lubricant,  the  wear 
rate  may  be  too  slow;  with  no  lubricant  the  effect  of  ion  implantation  may  be  obscured 
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by  the  catastropic  wear.  Measurements  were  made  in  air  and  in  a  nitrogen  environment. 
An  unbonded  resistance  strain  gage  was  used  to  measure  friction.  Wear  on  the  upper 
(stationary)  sphere  was  found  by  periodically  measuring  the  diameter  of  the  circular  wear 
scar  on  the  sphere  and  calculating  the  volume,  whereas  the  wear  track  on  the  disks  were 
examined  in  several  regions  with  a  profilometer.  Since  the  slider  and  disk  have  the  same 
hardness,  their  wear  rates  should  be  comparable.  Both  slider  and  disk  were  cleaned  by 
solvents  before  each  measurement  and  then  relubricated  for  the  next  test  period. 

Finally,  experiments  were  performed  with  a  ball-on-cylinder  apparatus  to  observe 
the  initial  (run-in)  portion  of  the  wear  curve.  Wear  tests  with  the  3.2-cm  (1.25-in.)  races 
were  conducted  by  adapting  a  lathe.  In  these  experiments  the  slider  was  a  1.27-em- 
diameter  unimplanted  52100  steel  sphere,  which  was  held  against  a  rotating  3.2-cm  (1.25- 
inch)  race  under  a  load  of  19.6  N.  The  implanted  race  rotated  partially  submerged  in  a 
bath  of  synthetic  polyester  turbojet  engine  lubricant  (M1L-L-23699).  Friction  was  not 
measured  with  this  apparatus.  The  rotational  speed  was  400  rpm,  corresponding  to  a 
linear  velocity  of  66  em/see.  Electrical  resistance  measurements  indicated  that 
boundary  lubrication  conditions  predominated. 


Analytical  Techniques 

Two  complementary  analytical  methods  were  employed  to  determine  the  distribu¬ 
tion  of  elements  in  the  52100  steel  after  ion  implantation;  these  were  Auger  electron 
spectroscopy  combined  with  sputter  etching  and  nuclear  reaction  analysis.  The  Auger 
analysis  was  used  to  determine  the  distribution  of  Fe,  Cr,  C,  O,  and  implanted  Ti.  It  also 
yields  chemical  information,  used  to  determine  the  chemical  state  of  C  and  implanted  Ti. 
The  nuclear  reaction  profiling  technique  quantifies  the  concentration  profile  of  the 
implanted  Ti  and  helps  to  confirm  the  Auger  C  data. 

Auger  Analysis.  Auger  analysis  was  performed  in  a  UHV  chamber  equipped  with  a 
Perkin-Elmer  (PHI)  Model-545  Auger  microprobe,  an  ion  gun,  a  Ti  sublimator  and  liquid 
nitrogen  cooled  cryopanels.  The  electron  gun  was  operated  at  2  kV,  at  currents  from  0.6 
to  6  uA,  and  the  electron  beam  was  scanned  over  a  spot  size  of  50  pm  to  reduce  the 
intensity.  Auger  derivative  spectra  were  recorded  either  directly,  with  a  modulation 
amplitude  of  3  eV,  or  by  a  peak-height  recording  multiplexer  with  a  6-eV  modulation 
amplitude. 

The  ion  gun  was  operated  in  an  argon  atmosphere  (about  5  x  10-5  torr)  with  a 
beam  of  2-keV  Ar+  ions,  at  selected  current  densities  between  2  and  30  y  A/cm2.  Depth 
profiles  were  recorded  during  ion  milling  with  Ti  sublimators  operating  and  cryopanels 
cooled  to  liquid-nitrogen  temperature.  These  procedures  reduced  contamination  of  ion 
milled  surfaces  by  residual  gas  vapors  to  below  detectable  levels. 

Quantitative  analysis  was  accomplished  with  the  usual  normalization  procedures.S 6 
The  normalization  constants  (sensitivity  factors,  S)  were  obtained  from  the  PHI  Auger 
handbook7  and  verified  for  a  variety  of  alloy  steels  and  carbide  powders.  Only  the  value 
for  carbon  differs  from  the  handbook  value,  which  was  established  for  a  graphite-like 

SC.  C.  Chang,  "General  Formalism  for  Quantitative  Auger  Analysis," 

Surface  Science  48,  9-21  (1975). 

7  "Handbook  of  Auger  Electron  Spectroscopy,"  2nd  edition,  L.  E.  Davis, 
ed.,  Physical  Electronics  Industries,  Eden  Prairie,  MN  (1976) 
p.  13. 
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carbon  lineshape  and  not  a  carbide-like  lineshape.  Sensitivity  factors  are  listed  in  Table 
II  for  the  principal  Auger  spectra  lines  used  to  characterize  each  species  (note  the 
shorthand  notation  used,  e.g.,  Ti3g5  ey).  With  these  values,  Auger  analysis  of 
unimplanted  52100  steel  gave  Fe/95  Cr/1.5  C/3.4,  in  good  agreement  with  the  expected 
Fe/93.2,  Cr/1.5,  C/4.5  atomic  percent  concentration. 


Table  n.  Sensitivity  factors  (S)  for  Auger  peak-to-peak  amplitudes  acquired  at  a 
modulation  amplitude  of  3  eV. 


Auger  line  Fe650  eV  O530  eV  Ti385  eV  C272  eV 

S  0.17  0.34  0.45  0.47 


The  depth  scale  for  the  Auger  profiles  was  established  by  Michelson 
interferometry.  Auger  depth  profiles  were  taken  near  the  edges  of  partially  masked 
steel  surfaces.  The  depth  of  an  ion-milled  step  was  later  measured  with  a  Michelson 
interferometer  to  an  uncertainity  of  about  ±5  nm.  This  procedure  gave  the  depths  at 
which  several  composition  profiles  had  been  terminated  and,  since  no  differences  were 
observed  in  the  sputter  rates  of  Ti  -implanted  and  unimplanted  steels,  the  depth  scale 
was  taken  to  be  proportional  to  milling  time. 

Nuclear  Reaction  Profiling.  A  resonant  nuclear  reaction  technique0  was  used  to 
determine  the  profile  of  the  concentration  of  implanted  Ti  as  a  function  of  depth  in  the 
sample.  The  narrow  1007-keV  resonance  of  the  48Ti(p,yl‘,9V  reaction  provided  a 
characteristic  identifying  spectrum  for  the  resonance  in  an  experiment  in  which  the 
gamma  rays  were  detected  with  a  high-resolution  Ge(Li)  detector.  The  gamma-ray  yield 
from  the  resonance  was  measured  at  a  number  of  different  energies  above  the  resonance 
of  the  incident  H  ion  beam,  which  results  in  the  resonance  occurring  at  different  depths 
below  the  surface  of  the  sample.  From  the  known  energy  loss  relationships  for  the 
incident  H  ions,  the  depth  scale  may  be  calculated  by  taking  into  account  the  observed 
changes  in  the  composition  of  the  sample  with  depth.  In  addition  to  the  observed 
titanium  profile,  the  carbon  profile  observed  in  the  Auger  measurements  was  also 
introduced  into  the  depth  determination.  This  inclusion  produced  about  a  5%  change  in 
the  depth  scale  at  the  peak  compared  to  that  for  only  a  carbon  concentration  present  in 
the  basic  AISI  52100  steel  diluted  by  the  titanium  implant. 

The  distribution  of  C  in  52100  steel  is  analyzed  by  the  use  of  the  nonresonant 
12C(d,p)13C  nuclear  reaction.  This  reaction  is  not  as  depth  sensitive  as  the  resonant 
reaction  used  to  determine  the  titanium  profile,  and  it  was  thus  not  possible  to  determine 
whether  the  observed  excess  of  carbon  was  only  on  the  surface  or  was  distributed  in  the 
very  near  surface  region.  This  problem  introduces  some  uncertainty  into  the  results 
because,  in  the  relatively  poor  accelerator  vacuum  conditions  used  here,  the  buildup  of 
carbon  surface  layers  during  analysis  is  possible  even  under  the  cryotrap  conditions  used 
in  these  experiments. 

8C.  R.  Gossett,  "A  Method  for  Determining  Depth  Profiles  of  Transition 
Elements  in  Steels,"  Nucl.  Instr.  Methods  (1980),  to  be  published. 
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Friction  and  Wear  Results 


Kinetic  Coefficient  of  Friction.  Table  III  summarizes  the  kinetic  coefficient  of 
friction  (y^)  measured  for  a  52100  ball  sliding  on  an  implanted  52100  disk.  The 
coefficient  y^  was  determined  in  air  at  23°C  and  at  a  sliding  velocity  of  0.01  cm/sec.  A 
normal  force  of  9.8  N  (1  kg)  was  used,  producing  a  peak  Hertzian  pressure  of  0.57  GPa 
(83,000  psi).  Multiple  unilateral  traverses  were  made  over  the  disks.  The  first  traverse 
was  5  mm  in  length  and  subsequent  traverses  were  made  over  the  center  3  mm  of  the 
first  traverse  without  rotating  the  slider.  Measurements  of  yj.  were  made  either  on  an 
unlubricated  surface  or  in  the  presence  of  hexadecane.  Friction  coefficients  vary  by 
-  0.05  along  a  traverse.  When  stick-slip  occurs,  however,  coefficients  can  vary  by  as 
much  as  ±0.2. 


Table  m.  Kinetic  coefficient  of  friction  (y  for  an  unimplanted  52100  steel  ball  against 
an  implanted  52100  steel  disk.  The  entries  marked  with  an  asterisk  (*)  are  average 
coefficients  of  friction  when  stick-slip  occurs.  Entries  marked  with  a  dagger  (+) 
represent  the  value  of  y^  after  five  traverses. 


Dry 

Hexadecane 

Implanted  Ion 

1st  traverse  10th  traverse  1st 

traverse 

10th  traverse 

None 

.60 

.65+ 

.16* 

.13* 

Ti 

.18 

.32 

.15 

.18 

Ti+C 

.23 

.32. 

.15 

•11 

C 

.75 

.54^ 

.14* 

.15*+ 

Mo 

.23 

.73 

.17 

.15 

S 

.36 

.45 

.19* 

.14 

Mo+S 

.26 

.54 

.19 

.16 

B 

.3* 

.66 

.16* 

.14* 

N 

.71 

.66 

.17* 

.16 

P 

.20 

.69 

.17 

.17 

As  shown  in  Table 

m,  the 

effect  of  the  implantation 

of  titanium 

i,  even  after  ten 

traverses,  is  a  reduction  of  y^  by  about  a  factor  of  two  when  no  lubricant  is  present. 
See  also  Fig.  1.  (Measurements  at  19.6  N  (2  kg)  normal  force  give  similar  results.)  Ti  + 
C  implants  do  equally  well,  but  C  alone  has  no  reducing  effect.  The  other  elements 
listed,  except  for  S,  show  little  lasting  effects,  with  y^  returning  to  unimplanted  values 
after  a  few  traverses.  (Multiple  traverses  not  only  show  whether  the  implantation 
effects  are  long  lasting  but  also  tend  to  remove  the  complications  of  any  lubricating 
surface  contaminants  left  behind  after  solvent  cleaning.) 

Values  of  y^  for  the  hexadecane  lubrication  experiments  are  more  uniform  than 
for  the  no-lubrication  experiments,  tending  to  be  about  0.16  for  all  elements;  y  ^  exhibits 
stick-slip  behavior.  The  Ti  implant  eliminates  stick-slip  behavior,  as  is  shown  in  Fig.  1. 
Generally  stick-slip  behavior  occurs  whenever  the  static  and  kinetic  coefficients  of 
friction  differ  by  more  than  a  factor  of  two.9  Under  the  low-speed  motion  of  these 
friction  experiments  (0.01  cm  sec-*)  adhesion  can  take  place  at  asperities,  increasing  the 
static  coefficient  of  friction.  The  ion  implantation  of  Ti  reduces  this  microadhesion  and 
equalizes  the  static  and  kinetic  coefficients  of  friction,  eliminating  stick-slip  behavior. 

9E.  Rabinowicz,  "The  Nature  of  the  Static  and  Kinetic  Coefficients  of 
Friction,"  J.  Appl.  Phys.  22,  1373-1379  (1951). 
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Figure  1.  Kinetic  coefficient  of  friction  vs.  sliding  distance  for  a  52100-steel 
sphere  on  a  52100-steel  platen  for  the  following  conditions:  (a)  dry,  unimplanted,  five 
traverses;  (b)  dry,  Ti-implanted,  10  traverses;  (c)  hexadecane  lubricated,  unimplanted, 
five  traverses;  (d)  hexadecane  lubricated,  Ti-implanted,  five  traverses.  Sliding  velocity 
is  0.01  cm/sec  in  all  cases. 
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Pin-on-Disk  Wear.  Results  of  the  52100-pin-on-52100-disk  wear  experiments  are 
shown  in  Fig.  2.  Conditions  are  similar  to  those  for  the  hexadecane-lubrication  friction 
measurements  except  that  velocities  are  typically  about  1.5  cm/sec.  The  "pins"  are  steel 
spheres  from  the  same  batch  used  for  the  friction  measurements,  and  the  disks  are  the 
same  as  used  for  the  friction  measurements.  The  wear  rate  for  the  unimplanted  samples 
increases  rapidly  with  sliding  distance,  with  wear  commencing  almost  immediately. 
Friction  measurements  during  sliding  wear  show  a  rapid  increase  in  friction  from  initial 
values  of  about  0.15  to  about  0.4  as  severe  wear  commences.  Adhesion  between  the 
sphere  and  disk  manifests  itself  by  the  oscillation  in  friction  for  each  revolution  of  the 
sphere  on  the  disk.  The  oscillations  grow  larger  as  the  friction  increases  and  wear 
becomes  severe.  Wear  on  the  boron-implanted  disk  is  very  similar  to  that  of  the 
unimplanted  disk  and  is  shown  in  Fig.  2.  Wear  for  unimplanted  disks  is  the  same  whether 
done  in  air  or  in  a  nitrogen  atmosphere. 

The  wear  curve  for  the  B-implanted  and  unimplanted  samples  was  reproducible 
well  within  the  factor-of-two  variations  in  these  types  of  experiments.  However  the 
wear  curve  for  the  Ti-implanted  samples  shown  in  Fig.  2  is  not  reproducible  in  the  sense 
that  the  onset  of  wear  is  extremely  variable.  For  different  experiments,  wear  can 
commence  at  about  250  m  as  shown  but  also  as  soon  as  about  150  m  and  as  late  as  about 
550  m.  This  behavior  may  be  due  to  the  random  nature  of  the  wear  process  through  a 
thin  wear-resistant  layer.  The  depth  of  the  wear  scar  on  the  Ti-implanted  disk,  as 
measured  with  a  profilometer,  indicates  that  severe  wear  begins  when  the  wear  sear  is 
about  0.1  pm  deep,  which  is  in  qualitative  agreement  with  the  depth  of  the  Ti  implant. 
Friction  measured  during  the  wear  process  on  the  Ti-implanted  disk  has  a  vastly  different 
behavior  than  for  the  unimplanted  disks.  Initial  values  of  about  0.1  fall  to  values  of 
about  0.07  during  the  period  when  no  appreciable  wear  takes  place.  The  friction  is  low 
and  steady  with  very  little  oscillation  as  the  disk  revolves.  Friction  does  increase  and, 
once  severe  wear  sets  in,  behaves  as  observed  on  the  unimplanted  disks. 


DISTANCED  TRAVELED  (ml 

Figure  2.  52100-pin-on-521 00-disk  wear  experiments.  The  arrows  beside  the  Ti 
implantation  wear  curve  indicate  that  the  onset  of  severe  wear  is  highly  variable  but 
always  occurs  well  after  severe  wear  begins  for  the  boron  implanted  and  unimplanted 
samples. 
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Ball-on-Cylinder  Wear.  Figure  3  shows  the  results  of  the  52100-ball-on-52100- 
cylinder  wear  experiments.  The  wear  is  much  less  severe  for  these  experiments  than  for 
the  pin-on-disk  experiments  because  here  an  excellent  boundary  lubricant  is  used  (MIL-L- 
23699).  These  data  illustrate  the  "run-in"  region  of  the  wear  process.  Measurements 
were  done  in  air  at  23°C  with  a  normal  load  of  19.6  N  (2  kg),  giving  a  Hertzian  pressure 
of  0.81  GPa  (117,000  psi). 

Wear  rates  for  N-implanted  races  and  unimplanted  races  differ  by  less  than  a 
factor  of  two,  which  is  within  the  data  reproducibility  for  a  typical  wear  experiment. 
Once  again,  though,  Ti  and  Ti+C  implants  reduce  wear  rates  by  a  factor  of  five  or  more. 


DISTANCE  TRAVELED  (km) 

Figure  3.  52100-ball-on-52100-cylinder  wear  experiments  show  the  "run-in"  part 
of  the  wear  curve.  Wear  rates  for  the  unimplanted  and  N-implanted  samples  are  not 
significantly  different. 
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Composition  of  Ti-Implanted  52100  Steel 

Our  experiments  show  that  Ti  implanted  into  52100  steel  does  significantly  reduce 
friction  and  wear.  There  follows  an  analysis  of  the  composition  of  Ti-implanted  52100 
steel  to  help  understand  the  reasons  for  these  improvements  in  tribological  properties. 

Auger  Analysis.  A  composition  vs  depth  profile  of  a  Ti-implanted  52100  steel  disk 
is  shown  in  Fig.  4.  In  addition  to  Ti,  the  profile  shows  a  large,  unexpected,  concentration 
of  subsurface  carbon.  Appearing  directly  beneath  the  oxide  layer,  the  C  concentration 
first  reaches  a  maximum  of  about  five  times  the  bulk  value  of  4  at.%,  then  tails  off  to 
near  bulk  value  at  a  depth  of  about  100  nm.  The  C272  eV  Pr°f^e  actually  appears  to  dip 
to  a  minimum  before  leveling  off.  We  do  not  yet  know  whether  this  dip  reflects  a 
gradient  in  the  C  concentration  or  is  an  Auger  artifact  associated  with  ion  milling 
through  a  rapidly  changing  interface.  C272  eV  Pr°files  similar  to  the  one  in  Fig.  4  have 
also  been  observed  in  low  carbon  AISI  304  stainless  steel  (Fe,  Cr/18,  Ni/8)  and  in  pure  Fe 
(<  20  ppmC).  The  latter  observation  suggests  that  the  subsurface  C  (above  background) 
in  the  Ti-implanted  52100  steel  samples  diffuses  in  from  the  vacuum  system  during 
implantation.  There  is  no  evidence  of  such  C  diffusion  into  52100  steel  during  implants 
of  N,  Mo,  and  S. 


DEPTH  (nm) 
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milling. 
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Auger  line-shape  analysis  has  been  used  to  infer  the  chemical  identity  of  titanium 
and  carbon  in  the  implanted  52100  steel.  There  are  three  very  thin  layers  on  the 
implanted  52100  steel.  The  surface  was  covered  by  a  carbonaceous  overlayer.  Under  the 
carbon  layer  was  a  very  thin  Fe2C>3  layer,  and  under  this  was  an  equally  thin  TiOz  layer. 
The  iron  oxide  was  identified  by  the  Fe^Q  ey  lineshape  and  the  Ti02  by  the  Tiggg  ey  and 
T^q  ey  lineshapes.10  The  total  thickness  of  the  two  oxide  layers  is  2-3  nm,  about  the 
thickness  of  oxides  found  on  polished  surfaces  of  steels.  The  carbon,  which  virtually 
disappeared  in  the  oxide  layer,  reappeared  beneath  it  in  the  form  of  titanium  carbide,  as 
identified  by  the  Cgyg  eV  lineshape.  Titanium  carbide  was  also  identified  from  the 
Tiggs  ev  anc*  ^*420  eV  lineshapes.11  As  the  carbide  disappeared,  the  Ti  lineshape 
became  more  metal-like. 

Semiquantitative  concentrations  from  the  Tiggg  ey  and  C272  ey  data  are  given  by 
the  ordinate  scale  in  Fig.  4.  This  scale  was  based  on  a  single  sensitivity  factor  of  0.45 
for  Tiggg  ey  and  was  found  to  agree  with  peak-height  analysis  of  TiC  powder.  Carbide 
concentration  can  be  read  from  the  same  scale  since  sensitivity  factors  for  C272  eV  and 
Tiggg  ey  are  virtually  the  same.  The  concentrations  of  Ti  are  accurate  to  ±10%  at  the 
depths  where  the  Tigg5  ey  lineshape  is  that  of  a  titanium  carbide.  But,  as  just  described, 
the  Tiggg  ey  lineshape  varies  from  surface  to  bulk.  These  changes,  while  useful  for 
chemical  identification,  make  it  difficult  to  quantify  the  Ti  concentration  throughout  the 
52100  steel. 

Nuclear  Reaction  Analysis.  The  results  of  a  second  method  of  profiling  52100 
steel  implanted  with  4.6  x  10 1  48Ti  atoms/cm2  at  190  keV  are  shown  in  Fig.  5.  The  data 
indicate  a  maximum  concentration  of  titanium  of  about  29  ±  3  at.%  occurring  in  a  broad 
peak  centered  at  about  40  ug/cm2.  The  peak  is  asymmetric  with  a  drop-off  to  a  surface 
concentration  of  about  22  at.%.  The  shape  of  the  profile  indicates  that  significant 
sputtering  has  occurred  in  the  implantation  of  the  titanum,  but  also  that  the  fluence  was 
less  than  that  required  for  saturation  of  the  sputtering.  Integration  of  the  Ti 
concentration  in  the  depth  profile  indicates  that  3.0  x  1017  Ti  atoms/cm2  are  retained  in 
the  sample,  implying  that  about  one-third  of  the  implanted  titanium  was  lost  in  the 
sputter  erosion  of  the  surface. 


10J.  S.  Solomon  and  W.  L.  Baun,  "Molecular  Orbital  Effects  on  the  Ti 
LMV  Auger  Spectra  of  TiO  and  Ti02>"  Surface  Science  51, 

228-236  (1975). 

1 1 N.  K.  Sharma  and  W.  S.  Williams,  "An  Auger  Analysis  of  Substrate- 
Layer  Interactions  in  the  Chemical  Vapor  Deposition  and  Activated 
Reactive  Evaporation  of  TiC,"  Thin  Solid  Films  54,  75-83  (1978). 
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The  depth  scale  of  Fig.  5  is  given  in  terms  of  pg/cm2  determined  directly  from 
the  measured  energy  loss  in  terms  of  the  concentration  of  the  constituents  and  their 
stopping  powers,  which  are  known  to  better  than  10-15%.  To  convert  to  a  linear  scale  of 
depth  for  comparison  with  Auger  measurements  requires  assumptions  as  to  the  density  in 
the  implanted  region.  The  simplest  assumption  is  to  take  a  uniform  density  (p=7.84 
gm/cm3)  which  would  place  the  Ti  peak,  measured  at  40  Pg/cm2,  at  a  depth  of  51  nm. 
Other  assumptions  of  a  variation  in  density  of  the  implanted  region  with  variation  in  Ti 
and  C  concentrations  place  the  Ti  peak  at  depths  ranging  from  about  51  nm  to  65  nm. 
The  depth  values  obtained  by  the  resonance  nuclear  reaction  profiles  appear  to  be 
somewhat  less  than  those  obtained  by  the  Auger  measurements,  but  otherwise  the 
agreement  in  shape  and  concentration  is  excellent. 

The  12C(d,p)13C  r  eaction  was  used  to  confirm  the  Auger  results  of  excess  carbon 
in  Ti-implanted  52100  steel.  Comparison  of  Ti-implanted  and  unimplanted  samples  did 
show  an  excess  of  C  at  or  near  the  surface  for  the  Ti  implanted  52100  steel.  The 
measured  fluence  was  4.07  x  1016  C  atoms/cm2,  which  is  two-thirds  as  large  as  detected 
in  the  Auger  measurements. 
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Discussion 


We  have  shown  that  the  tribological  properties  of  a  through-hardened  bearing 
steel,  AISI  52100,  can  be  improved  with  a  high-dose  implantation  of  Ti  (4.6  x  1017/cm2  at 
190  keV).  Ti  implantation  reduces  the  kinetic  coefficient  of  friction,  yj.,  by  more  than 
one  half  for  the  dry  steel-on-steel  case,  and  eliminates  stick-slip  behavior  for  the 
hexadecane-lubrication  case.  Lubrication  sliding  wear  data  show  large  reductions  in 
wear  which  lasts  until  a  thin  surface  layer  (about  100  nm)  is  penetrated. 

The  Auger  and  nuclear  reaction  depth  profiling  analyses  provide  some  clues  as  to 
the  cause  of  these  improved  friction  and  wear  characteristics.  They  show  that  the 
implantation  of  4.6  x  1017  Ti  ions/cm2  at  190  keV  into  52100  steel  has  produced  a  22-30 
at.%  concentration  of  Ti  from  the  surface  to  a  depth  of  about  100  nm.  As  a  result  of  the 
Ti  implantation,  4-6  x  1016  excess  carbon  atoms/cm2  are  present  in  the  near  surface.  C 
concentrations  range  from  about  20  at.%  at  the  surface  down  to  the  bulk  value  of  4  at.% 
at  about  100  nm.  Furthermore  Auger  lineshape  analysis  indicates  that  the  titanium  is 
predominantly  in  the  form  of  titanium  carbide  in  the  region  of  excess  carbon 
concentration.  Knapp,  Follstaedt,  and  Pieraux12  have  observed  the  same  phenomenon  of 
C-gettering  in  Ti-implanted  high-purity  Fe.  They  show  that  an  amorphous  surface  is 
formed  which  is  composed  of  Fe,  Ti,  and  C.  In  their  work,  an  amorphous  layer  is 
produced  for  2  x  10 17  Ti/cm2  implanted  at  190  keV  with  C  concentrations  of  about  10 
at.%  concentration  and  resultant  Ti  concentrations  of  about  20  at.%.  The  similarity  of 
their  results  with  those  presented  here  stongly  suggests  that  a  thin  amorphous  layer  is 
reducing  friction  and  wear  in  the  Ti-implanted  52100  steel. 

In  addition,  corrosion  resistance  may  be  enhanced  with  production  of  this 
amorphous  layer  as  a  result  of  Ti  ion  implantation.  Wang  et  al.13  show  that  ion 
implantation  of  2  x  10 17  Ti  atoms/cm2  at  55  keV  improves  the  corrosion  resistance  of 
M50  bearing  steel.  The  corrosion  resistance  is  enhanced  more  than  might  be  expected 
from  electrochemical  theory  alone.  Thus,  it  apears  that  ion  implantation  of  Ti  into 
bearing  steel  can  beneficially  improve  corrosion  as  well  as  friction  and  wear. 
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The  hardnesses  of  nitrogen' implanted  steel  surfaces  have  been 
measured  with  an  abrasive  wear  technique  capable  of  character¬ 
izing  surface  layers  as  thin  as  2 5  am.  Treated  steel  disks  and 
reference  disks  were  abraded  with  /  -  5  pro  diamond,  and  relative 
wear  resistances  were  calculated  from  the  mass  losses.  Surface  hard¬ 
ness  was  obtained  from  a  relationship  between  wear  resistance  and 
hardness. 

The  surface  oj  a  hardened  and  tempered  carbon  steel  implanted 
with  nitrogen  ions  ( lO'-tcm-)  was  significantly  harder  than  with 
other  treatments  including  quench  hardening  and  nitnding.  The 
hardness  decreased  to  the  bulk  value  over  a  depth  corresponding 
to  the  initial  implantation  depth. 

X  it  r  uge  it -implanted  stainless-steel  surfaces  wore  faster  than  tin- 
implanted  ones,  possibly  due  to  interference  with  transformation 
hardening  which  nor  malls  occurs  during  iveanng.  This  "softening'' 
effeit  persisted  to  depths  several  times  the  depth  of  implantation, 
and  mas  help  to  explain  the  reduction  of  sliding  wear  produced 
b\  the  implantation  of  stainless  steels  Anal\ses  fry  Auger  eleitron 
spectroscop\  indicated  nitrogen  migrated  toward  the  bulk  during 
wear 

Titanium  implanted  in  stain  few  steel  (-4  6  x  ft)'  nnis'cm'l 
prtului  ed  a  ver\  hard  \urjn<  e  with  more  than  It)  times  the  abrasive 
wear  resistaiue  of  the  hulk  metal. 

INTRODUCTION 

I  he  lesoi.ince  oi  steel  m»i faces  to  sliding  ne.tr  tan  f>e 
gieatlv  ii ic  leased  l>\  implanting  ceitam  elements  in  (lie  sur¬ 
face  mill  a  high  eneigv  mu  beam.  For  example,  implan¬ 
tation  of  mtiogen  ions  into  stainless  steels  has  lieen  shown 
to  reduce  the  luhiicaled  sliding  near  rate  In  factors  of  up 
to  100  (/>.(!?).  i  lit*  ohsei \ed  me  lease  in  w<‘.u  lesisiaiue  has 
fieen  altnlmied  to  die  ability  o!  mitogen  to  haiden  steel 
surfaces  <  ?)  io  studs  these  effects,  a  lechnicjue  tot  meas¬ 
uring  the  baldness  of  implanted  lasets  was  needed  IVn- 

Pr«a«flt*d  ••  *n  American  Social  y  of  Lubrication  Engl  naan  papar 
at  tha  ASME  ASLE  Lubrication  Contaranca  In  San  Franclaco. 

California,  August  19-21.  1990. 


el  ration  techniques  using  diamond  indenters  sample  too 
deeply  into  the  surface  (0.2  to  2  pm)  to  accurately  measure 
the  hardness  of  the  implanted  laser,  which  is  typically  only 
0  1  pm  deep.  Therefore,  an  abrasive  wear  technique,  akin 
to  scratch-hardness  testing  <•/).  (5).  was  used. 

Hardness  has  lieen  correlated  with  abrasion  resistance 
lor  a  wide  variety  of  metals  and  alloys  (6).  (7)  Most  such 
abrasive  wear  experiments  have  been  done  with  large  ab¬ 
rasive  particles.  20  pm  and  greatei.  which  penetrate  several 
micrometers  into  the  surface  In  the  present  experiments, 
abrasives  on  the  order  of  one  micrometer  in  si/e  were  used 
to  limit  the  wear  process  to  the  verv  thin  lasers  of  interest 
The  correlation  between  hardness  and  relative  wear  resis¬ 
tance  with  micrometer-size  abrasives  was  verified  with  car¬ 
bon  steel  and  used  to  determine  the  hardness  of  implanted 
lasers  in  stainless  and  cailnin  steels. 

EXPERIMENTAL 
Wear  Studies 

I  he  abrasive  weai  technique  was  sitmlai  to  that  devel¬ 
oped  bv  Rahmowic  /  to  studs  the  relative  effects  ol  hardness 
on  abrasive  wear  (V).  I  be  alloys  studied  were  in  the 
bum  ol  disks.  12.7  nun  in  diameter  and  2  8  mm  thick.  As 
shown  schematically  m  Fig  1.  nine  disks,  three  in  each  of 
thiee  holders  ol  equal  mass,  wete  abtaded  for  a  given  pe- 
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riot!  in  .i  vibratory  polisher  on  a  nonwoven  svmhetic  'extiie 
lap  charged  with  diamond  powder  (1  to  f>  tint)  in  parathn 
oil.  The  atmosphere  was  air  dried  to  a  Irost  point  of  200 
K  l  he  disks  were  then  ul:  jsomcallv  cleaned,  rinsed  and 
dtied.  and  their  mass  losses  were  detei mined  bv  weighing 
them  with  microgram  precision.  Each  holder  held  at  least 
one  reference  disk,  and  the  relative  wear  resistance  (RWR) 
of  a  modified  (implanted  or  hardened)  disk  \  .>  calcul.  ed 
as  the  inverse  ol  the  wear  rate  of  the  modilted  disk,  nor- 
tnali/ed  to  that  ol  the  reference  disk  Wear  depth  wps  cal¬ 
culated  from  the  mass  loss,  area  and  densitv  ol  each  disk. 
Each  fig  ol  loss  corresponded  approximatelv  to  a  depth  ol 
one  nm.  Wear  depths  thus  could  he  determined  with  an 
uncertain! v  ol  a  few  nanometers,  allowing  wear  rates  to  !>e 
determined  with  reasonable  precision  lor  lasers  as  thin  as 
20  -2S  nm. 

Sample  Preparation 

I  he  carlion  steel  disks  were  prepared  from  a  single  hat 
of  low-alloy  carbon  tool  steel  (similar  to  SAE  1005).  Alter 
austenitizing  at  1080  K  i..  del  argon,  thev  were  quenched 
tn  oil  Three  disks  were  tem|K*red  lot  an  hc.ui  at  770  K. 
and  thiee  at  a 70  K  After  lieing  ground  to  then  final  thick¬ 
ness,  the  disks  were  smcHxhed  In  metallngraphic  tine  grind¬ 
ing  and  polishing  prot  echoes.  The  stainless  steel  disks  were 
made  from  AlM*t\pc-!l04  alien  and  similarlv  gromid  and 
polishes.  Knoop  baldness  measurements  were  made  at  sev¬ 
eral  tadii  on  the  disks  and  nilh  various  loads  to  ensure  that 
thev  were  uniform  in  hardness.  I  he  data  reported  here 
weie  obtained  nidi  a  load  of  2  kg  on  the  indentei 

The  surface  finish  on  the  disks.  Iielote  implantation,  was 
tli.it  achieved  In  leugthv  polishing  in  l-.’>  pm  diamond 
Polished  disks  were  then  implanted  with  80keV\;  mo 
lecular  ions  li  e.,  40  keV  N  *  ion)  m  die  Naval  Reseat  ch 
l.ahoiatoiv  s  ‘200  keV  implantei.  Average  cunent  densities 
ol  die  i.isteied  ion  Ihmiii  were  in  die  lange  :l-"»  pA  cm 
The  lempeiattne  ol  the  disks  miglit  liav  •  iisen  100-200  k 
from  the  pioionged  evjirsuie  (  one  lioui )  to  the  ion  Ih*.uh 
Dm  mg  imp1.iiil.il »n .  the  pressute  in  the  taiget  chamhei 
was  kepi  at  f»  x  10  '  I  on . 

Titanium  impl  mtatiou  was  done  with  a  model  200- 
20A2F  Vaiian  Fvtnon  ion  implantei  equipped  with  a  hot 
cathode  ate  disch.uge  source  1  he  Ihmiii  eneigv  was  l ‘10 
keV  and  the  aveiage  c  ui  lent  densitv  *»  pAcm  Ihcchuni- 
Ih*i  piessme  vc. is  a  x  |0  Toil,  and  the  samples  we  e 
•louuted  on  a  wain  •cooled  stihstiute  holdet 

Auger  Analysis 

Align  analvsis  was  |>eiloimcd  with  a  Si. inning  Align 
Mic  mpinlie  svsiem  Iliel'IIX  thumiici  was  equipped  w nil 
a  (M  \  \tign  aiulv/ei.  a  i.isteiahle  ion  gun.  a  li  subli- 
maioi  and  I  N  cooled  c  i  vnp.incls  I  lie  election  gun  was 


opei  at  ed  at  2k  V.  at  a  cunent  ol  atmut  0  b  pA.  rastered 
over  <i  spot  si/e  ol  fill  pm  to  reduce  the  miens. Augei 
derivative  spectra  weie  lec circled  either  (breeds.  wnh  a 
mcKlulation  amplitude  of  5  eV,  oi  bv  a  peak-height  re 
tending  multiplexei,  with  a  b  e\'  modulation  a  nplitude 

The  ion  gun  was  operated  at  2kV  in  an  Ar  atmosphere 
(p  —  5  x  10  *  Tori  ),  with  a  rastered  beam,  and  at  selected 
cureiu  densities  between  2  and  SO  pA  cni-.  Augei  depth 
profiles  were  ret  ended  during  ion  nulling,  with  I  i  subli- 
mators  operating  and  uvopanels  cooled  to  liquid  nitrogen 
temperature.  These  pi oc echoes  i educed  contamination  of 
ion-milled  surfaces  bv  residual  gas  vapots  to  belov\  detect¬ 
able  levels 

Quantitative  analvsis  was  accomplished  with  the  usual 
normalization  procedures  I  he  not  mali/.'bon  constants 
(setisitivitv  factors.  N)  are  sitml.u  to  those  found  in  the  PHI 
Augei  handbook  t‘0  and  weie  verified  lor  a  vaneis  ol  allot 
steels  and  carbide  powders  ol  knowi.  composition.  I  he 
value  loi  carlion  dilteis  from  the  handtiook  value,  vvhuli 
was  established  lot  a  graphitic -like  carbon  lineshupe  and 
not  a  cat  hide-like  lineshape.  1  lie  value  for  Ni„,llrV  is  smaller 
than  the  handbook  value,  licit  agrees  to  within  2> 1  percent 
altet  ecu  recti  lit?  for  elec  lion  fieam  loniz  nion  c  mss  sections. 
Sensuivitv  factors  are  listed  in  Table  1  lor  the  principal 
Auger  spectra  lines  (e  g  the  050  e\'  line  for  Fel  ol  the 
detec  ted  s}>ee  ies. 

Act  male  not  mali/au<m  constants  ate  netessurv  to  obtain 
even  the  relative  comenttation  of  mitogen  m  steels  ol  dif 
lert'iu  allov  content,  as  is  the  case  heie.  Analvsis  of  the 
ummplanted  steels  gave  atomic  concentrations  of 
Ke(72K  1 1 20)N m 7  0)  lot  ivpe-dOl  and  F'eidT it  (H  i  loi  the 
<  at  lion  steel 

I  he  depth  scale  hu  the  Augei  profiles  was  established 
bv  Muhelsoii  mtei  tei  omen  \  Auger  depth  ptohles  were 
taken  neat  the  edges  of  partialiv  masked  steel  sut  faces  I  he 
depth  of  an  ion-nulled  step  was  latei  measured  with  an 
interference  nuc iom ope  to  an  act ur.it v  oi  about  t  5  nm 
this  pKKeduie  gave  the  depths  at  winch  seveial  compo 
sition  pioliles  had  Ik.-ii  teuninated  Since  no  cblleiences 
weie  obsfved  in  the  milling  i.ites  ol  nitrogen  implanted 
and  ummplanted  steels,  the  depth  was  assumed  pio|x>t- 
nonal  to  milling  rune 

RESULTS 

1  he  lesults  ol  nunu-ious  ahiasive  we.u  e\|iei  itnents  with 
the  cut  Iron  steel  disks  aie  shown  m  Fig  2  Disks  with  a 
I  anlnessol  40b  kg  mm  weie  treated  as  the  leleteme  sut 
laces,  hais  thiougli  the  othei  jxmils  indicate  then  stand.ud 
etiors.  Mutton  and  Watson  studied  the  we.n  of  a  suml.ti 
steel  iYA  F  lOMOt  against  lived  80  nm  uhiusnes  1  ’’h.  an*, 
the  <  tu  v  c*  m  Fig  2  is  (iom  then  irsnltv  not  mall  zed  to  p  tss 
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2— Relative  wear  resistance  of  carbon  steel  disks  of  different  hard 
ness  abraded  with  1-5  diamond. 


thiough  the  point  lot  the  disks  ol  f>7()  kg'tniu*  hardness. 
1  he  data  taken  with  I  to  a  pan  diamond  panic  les  suggests 
that  the  weat  was  sutluieutlv  abrasive  in  nature  to  lx*  used 
as  an  indited  measure  « I  surbne  hardness. 

Weat  resistance  data  weie  also  obtained  tor  lx»th  a  ni- 
tnded  cat  hon  sleet  (ion-niti  ided  at  KOO  K  tor  12  flours)  arid 
the  stainless  steel.  KWK  results,  relative  to  cailvon  steel  ot 
hardness  llk..^  ~  4(H)  kg'mnr.  are  given  in  t  able  2.  t  he 
high  KWK  value  ot  -lainless  steel  is  likelv  due  to  surbne 
hardening  dm  mg  ahi asion  ( /  / )  and  will  he  disc  ussed  later 

I  tie  el  ted  ot  nitrogen  implantation  in  the  lathon  steel 
was  then  examined.  Disks  having  a  bulk  baldness  of  ton 
kg  nun  were  implanted  to  doses  ol  1  ot  2  x  |(f  nitiogen 
ions. im  at  10  keV  ioii.  and  theli  abusive  weal  rates  de- 
le mimed  irlative  to  identic  al  tiniinplaiiled  disks  KWK  data 
lot  several  sets  o|  mipl.inted  cat  lion  steel  disks  are  shown 
in  Fig.  4  I  be  dashed  line  indicates  the  (tend  ot  the  data, 
the  weal  lesistame  ol  the  ouieitnost  2f>  mu  ol  the  im¬ 
planted  surface  was  in.iikedlv  higher  than  that  ol  urnm- 
pl.mted  releienie  disks,  ijiiem  h  hardened  disks  (KWK 
1.2).  and  miiided  disks  (KWK  -  l.f>).  iitduaimg  the  pres¬ 
ence  ot  a  baldened  sin  late  laser.  With  iinuinued  ahi  asion. 
the  weal  lesisiatues  ol  the  implanted  disks  dec  leased, 
leathing  that  ol  ihe  lelereme  disks  atlei  alHiiii  1  till  nm  ol 
tin*  implanted  disk  was  lemoveil. 

Atigei  depth  piohles  were  taken  to  ohseive  the  ex.u  i 
depth  lov\liidi  miiogen  was  implanted.  A  piohle  o|  acai 
Iron  steel  disk,  iinpl.mled  to  a  dose  ol  2  x  It)1  nitrogi'ii 
ioiis/c  rn  a»  10  keV'ioir,  is  shown  in  the  lower  ball  ol  Fig 
ui  vc-  (a)  I  he  ptohle  has  mam  ol  the  leatmes  e\|H't  ted 
ol  imp], iiiled  nihogen  m  steel:  it  peaks  at  ahoul  at)  nm. 
then  bills  oil  like  a  ( i.mssun  clisl  •  thuiion.  Ihe  mitogen 
c oim erriiaiioii  ai  us  maximum  value  was  I  t  -*  2  atoimi 
peiiem.  i  he  ue.u  smbiceD  10  nin)  i  one  rotiation.  how  • 
ever .  was  «  onsuleiablv  l.ugei  than  ex  pet  led  I  he  ex  pec  led 
piohle,  obsetved  bv  the  am  hois  on  onlv  one  ihusiihi.  is 
depre  ;e/|  bv  mjivi*  (Id  I'tohles  silt  li  as  curve  (a)  have  also 
Ireeli  obtained  lot  niiiogcnimpl.mlrd  AIM  VJItlU  sirel.  a 
l  rt  (  i  /  ( .  /percent  bv  weight)  bear  mg  sirel 

I  be  depfb  to  wlm  h  ihe  weai  m  sisi.uk  e  vs.is  allet  led  ( Ion 
rim)  correlated  well  wrllt  lire  depth  m  winch  most  o|  the 
mliogeti  was  implanted.  Align  anal v sis  ol  ,m  ituplaiited 
disk  worn  to  ,i  depth  ol  07  nm  billed  to  delect  mitogen  in 


the  sutbue  (serisitivtfv  t.c  0.2  alomic  percent).  Hence,  most 
of  the  implanted  nitrogen  was  removed  hoiu  the  sutbue 
(luting  the  first  100  urn  ol  wear 

l  heahiasive  weai  technique  was  tlieii  used  to  deteimme 
tile  weai  lesistame  ol  the  stainless  steel  <t\pe-4<M)  disks 
implanted  with  2  x  I0‘  nitiogen  tons  cm  at  40  keV  ion 
I  he  KWR  i exults  lot  the  implanted  stainless  steel,  relame 
to  ummplanted  disks  ot  the  same  steel,  are  shown  in  Fig. 
4.  Its  hehavim  was  rnaikedfv  ddlerent  Itorit  iU,«  of  the 
laibon  steel  in  seveial  wavs.  I'nlike  the  ellect  m  cailxm 
steel,  nitrogen  implantation  reduced  the  KWK  <>(  die  stain- 
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Fig.  3 — (Upper)  Relative  wear  resistance  of  nitrogen-implanted  to  un- 
Implanted  carbon  steel  vs  depth.  (Lower)  (a)  observed  end  (b)  expected 
nitrogen  concentration  vs  depth. 
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Fig  4 — (Upper)  Relative  wear  resistance  of  nitrogen -Implanted  to  un- 
Impianted  eteiniees  eteel  va  depth.  (Lower)  Nitrogen  concentration  va 
depth  profiles  of  surfaces  exposed  to  (a)  no  wear  and  (large  errowe) 
various  stages  of  wear  Note  depth  scale  change  at  250  nm 
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less- si  eel  Mill. it es  Muicimi ,  ilu-  t rtlm t-tl  R\\  K  |*etsisled 
to  ninit*  ilt.tn  luiic  lilt’  «it*|»i li  ul  iaiipl.iiii.tl ic»ii 

I  hr  \ugei  tleplli  |*i i >1  lit*  shown  hi  lig.  I.  ttuve  (.i).  pio- 
\u|ftl  thro  I  t*v  it  It*  in  t*  lh.il  (lif  retimed  RWR  |*e»sisied  hit 
tiff j *f r  ill. in  ilu*  mtiogen  was  iniii.iUv  miplaiiied.  I  he  pm* 
lilt*  ol  10  keV  mitogen  it  if  is  iiu|il.tii(ftl  l<*  .i  dose  ol  2  x 
10'  'tin  hi  stainless  steel  exhibited  I  lu*  f\|M*tiftl  (■aiissian- 
like  thsli  ihulioii  will*  .t  iiif.in  |>fiif(i.ilit»ii  depth  ol  :*»*»  mil 

i  lu*  mitogen  tontf hi i .ii it >n  .it  r.r*  tun  u.in  *j!i  ♦  2  .iitunit 

|H*it fill.  .iIhhii  70  |m*i t fill  laiget  ili.ui  (lu*  | mm k  value  h»i 
ilu*  sailii’  dost*  t*l  inn ti^fti  ill  tailmii  siffl.  I  lit*  ox u If  l.ivt’i 
t»n  (lit*  iiitiogeu-iiiiplanied  sm  hit  f  (t.i  -l-M  mu)  was  onlv 
slighth  if  Hike  I  lll.lll  till  Mil  t.lt  f>  i*t  f  l f xlil\  polished  shunless 
siffl  (t.i  2-.‘i  nm). 

1 1»  .ist f i (.tin  whelliei  iiiiingeii  might  have  migiated  in 
u.utl  din  mi;  ahiasioii.  mitogen  piohles  we  if  l.ikfii  on  disks 
utii  n  in  depths  ol  :»S  mu,  I  I  nm.  210  nm.  .nit I  lout* i  No 
uif.iMii.ihlf  tout  fun. ilmn  ol  mitogen  (*  0-2  .iitunit  pf  i  • 
1 1* ill)  was  tlflftiftl  tin  disks  worn  210  nm  oi  mtiif.  Ihohles 
lot  uf.u  t  If  pills  ol  .**S  inn  .mtl  HU  nm  .iif  given  I"  unves 
(h)  jihI  (t )  m  I* ik  I  hat  h  t  m\f  was  pltillftl  uiili  1  lit*  mii  late 
p.f.  tlfplh  '  /em)  displat  etl  In  its  we.ti  depth.  Ilit-piolilfs 
suggest  ill. u  Mum*  t*l  (lu*  impl.iniftl  unit >>*f ii  migiated  lo- 
u.utl  ilu*  hulk  timing  uf.u  Nol  tilth  u.is  llifit*  iihmc  ni¬ 
trogen  Ik-Iou  l  lif  mii  I  .it  t*  llun  utmltl  Ik-  fxpftiftl  hom  l  lit* 
iiuli.il  imp!. mi  piohlt*.  hill  (lit-  tlfplh  ch*>ti  ihiiuon  ol  it* 
m. lining  niliogfii  ifl.miftl  (lif  miii.il  impl.iiK  piolilf.  I  lit* 
nitrogen  appeal >  it*  have  i  mg  i  a  led  ovet  these  tit* pills  with- 
mil  dispel  sing  Ninth  < >1  (lit*  mitogen.  Imufui.  u.is  lt*si 
1 1 1 >tii  (lu-  oulfimosi  l.i\ta i s  dining  ■*l" .Kit m  Piohles  .list > 
mtiit.ilftl  tlul  (lu*  t»M<U*  I  .in  f  i  mi  ihf  abiaded  iiiimge  n-itn* 
pl.miftl  mii  hit f  h.u I  i lif  s.mif  ilmkiifsN  .is  lifshh  polishftl 
Sl.lilllfss-slffl  Mil  hit  fS 

I  Ul)  SflS  ol  (\|M*-:i0l  Sl.lllllfSS-Nlffl  tllsks  Ut-lf  Sfp.ll.llfh 
impl.iniftl  uiili  I K.iiiiiiiu  it*  t loses  ol  1.0  x  |0‘  mnvtnr. 
Allah  sis  shouftl  (h.u  l  lu*  ui.iimim  if.it  lit-tl  a  |>eak  tout  fil¬ 
tration  ol  :*0  alomit  pf  it  fill  at  a  tlfplh  t>|  70  mil.  and  was 
tlfift  lahlf  lo  200  nm.  A  mii  pi  ismglv  lai  gt*  amount  til  <  at  lion 
was  lounth  .is  had  Iteen  (Ilf  cast*  pi  tv  mush  m  titanium- 
inipl.itilftl  AIM  V2I00  siffl  i /,?).  Ninth  ol  the  titanium  m 
I  lit*  lust  I.*»0  uili  appealed  lo  Ik*  pieseni  as  a  taihitle  A 
pitinouiitfd  baldening  til  the  mu  hue  ifsiilieth  as  shown 
by  (he  abiasive  weal  tlaia  an  lig  f>.  Due  iti  die  vetv  low 
initial  weal  tales,  die  KWRs  ueie  tabulated  l>\  dividing 
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fig.  $—  R#Hrtlv*  w«ar  wlttanc*  of  (H«nlum-lmplant«d  to  unlmplantad 
atainiaaa  ataat  va  dapth. 


the  sum  t»|  i lie  vvf.u  tlfpihs  ol  (lie  (luff  leleiente  disks  hv 
(lie  sum  ol  llif  vveai  depths  ol  tliiff  implant. -d  disks  m  eat  h 
set .  and  a  logai  it  limit  st  ale  was  used  loi  the  ordinalt  Ihf 
filet  t  ti|  die  l  H.u  nn  i  n  pf  i  sisl  ft  I  i  o  about  7t  It  I  nm.  appal  fill  h 
I  wit  e  i  lit-  tit- pi  b  a  I  let  led  l>\  unit  »grn  I  |owt*\e  1 .  1 1  it-  tit- ift  t- 
abihtv  o|  pfisisifiitf  m  (lit-  t  ase  o|  iil.umun  mav  bavt-  l*een 
fiiliat  it  ft  I  b\  i  In-  la  i  ge  i  tlost  and  K  s  nun  b  nicatc  i  f  I  Ift  i  on 
b.utbifss  Migiatmn  uoultl  not  be  e\ pet  (ft I  vmiIi  ibis  ele 
nif  in 

DISCUSSION 

I  wo  mliogf  i  i-iin  pla  itlfd  steels—  a  tempi-  ltd  t  ai  lion  steel 
and  an  auslemiit  si. unless  steel — showed  cjnite  tliiffienl 
Ik  Ii.imoi  to  abtasitm  b\  nut  i  oincle i  -  size  tliamoiitl  pa i  lit  If s 
I  be  i  ont  f  mi  ai  ions  and  mobilitv  oi  the  unpl.uiird  mitogen 
also  till  If  I  etl  Mt  lie  nil  tout’ll  appeal  ft  1  to  be  i  t  tamed  in  the 
highlv  allow'd  stainless  steel  (ban  in  the  low  allot  tailnin 
steel.  Based  on  die  wear  studies  of  bai  de liable  (  ai  bon  steel, 
tt  tan  be  tl.miietl  dial  the  niliogrn  implants  baitlen  the 
sin  late  ol  die  taiboii  steel  Nluib  ol  die  spetulation  oil 
mt  leased  weal  lesistame  ol  nitrogen  implanted  steels  has 
teiiteietl  on  die  loimaimn  of  bneh  tbspeisetl  but  mobile 
nitiidelike  spet  ies  (/?)  l.nngwoith  and  Maiilev  have,  in 
lat  t.  tleietietl  I  t-  mtl  ttles  in  implaritetl  he  lolls  (/•/)  I  best* 
nili  ide-ilke  spet  ies  mav  have  been  lespousibie  loi  bald¬ 
ening  I  lit-  c  .ii  Im  *n  steel  sm  fat  e  I  >e.u  nalev  et  a  I  ( /  )  ohset  vet  I 
that  the  leientmn  ol  implanted  niiiogen  mt  leased  as  the 
al!o\  1 1  mlf  ill  ol  the  steel  was  mu  eased  I  be  piofile  of  111- 
hogen  ill  the  low  .illov  taibtm  steel  1 1* ij»  i)  suggests  (bat 
tuliogen  mas  have  uiigiated  )*at  k  dm  aid  the  sm  hit  e  dm  111^ 
implantation  and  been  removed  hv  sputifimg  m  desotp- 
lion.  while  that  miplaiiletl  111  die  stainless  steel  lemamed  m 
plate  Auget  anti  \  lav  phnioelct  lion  studies  o|  rut  1 1  - 

implanted  stainless  steel  (/")  showed  dial  muogen  and 
t  lu  0111  m  111  hom  let  I  as  t  hioimiim  nimde,  u  hit  ii  mav  at  t  mini 
loi  the  lenatilv  ol  the  implanted  iitiiogeti 

Nihogeu  is  ninth  limit-  soluble  m  *y  non  anti  stainless 
steel  than  in  the  a  phases  t/7).  ( /.V).  another  hit  tot  which 
uoultl  .diet  l  Ms  tomeiiti.iiiou  anti  mobilitv  1  be  t educed 
RWR  ol  mu ogt-n  implanted  stainless  steel  sukk‘  s,s  dial  the 
implanted  suihucs  ueie.  m  some  sense,  solid  than  the 
unmiplantfd  stu  hit  fs.  Auk‘  !  it-siilts  show  die  e Met  I  * *1  nil 
planialiou  taimot  be  atli limit'd  to  an  o\»de-iuh  smlatt- 
lavet  as  lias  iftentlv  been  s|*t-i  iilated  i/'l  A  toinpanson 
ol  die  weal  late  ol  stainless  steel  telalive  to  the  lempeied 
t  .11 1 x >ii  steel  itiditaietl  die  stainless  siul.ite  had  an  anoma- 
lonsh  l.iiKf  KUR  foi  its  hulk  baldness  Ibis  l.uyje  value 
was  piobablv  due  lo  evtieme  smlatc  baideninv*  dining 
ahiasmn  Smlatesol  aiislt-miu  sit  els  sm  h  as  i v pe  !h)|  t an 
balden  ext essivt-lv  In  undei  siiuttmal  ii.mslmm.i 

tmns  tin i  tiiK  abi  asive  ue.u  (  /  /  I  1  i  aiisfnj  maiion  b.ude iiiiik 
mav  have  lx-eu  pievenleth  litmev'i.  l»v  lbe  pit-seme  of 
implanletl  mtioKt  u.  a  solute  atom  known  to  stabilize  the 
.insienilit  sti  tit  ime  a^amst  it  ansb >i  inini;  t  / if\  When  ii.iiis 
loi  maiion  did  <k  t  til .  the  leduted  solubihiv  ol  mlioKeu  mav 
have  hut  etl  it  to  mi^iaie  deepei  into  uni i ansfot  Hied  aus 
lemte 

I  he  ahihtv  ol  the  nil  it  ►kcii  implanletl  smlatc  to  tesist 
haidemuK  mav  also  explain,  in  path  die  impiovetl  sliding 
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wrai  irsiMaiue  i»!  mil n^ru  implanted  aiistenilu  stainless 
steel  sieef  <J|,  iJt/f.  (  imii|»(.iiil«*c  I  sulfates  .1 1  >|  km  led  in 
Mil  lei  m\  ei  r  we.u  (if  In  dr  <n  mu  tin- in  pel  md )  r\  cii  nuclei 
Inline. Hed  sliding  cnudilimis.  Seine  sliding  wrai  mi  aus 
l rim ii  si.  unless  \UrK,  at  1 1  tiding  In  I  (mi.  rt  al  ( «?/  >.  pi  cm  teds 
l»v  drlaiiiinalimi  <»l  a  1 1nn.  hi  it  tit*  lain,  identified  to  he 
liauslm  inrtl  mailriiMlr.  mi  a  Miliri  suhsli.iU*  impl.mtalimi 
ul  nilt«»i;rii  nm*lit  |>ir\rii(  a  suil.u  r  limn  iiaiisim  tiling  and 
lire  til  n  mt;  III  il  I  lc*.  I  lift  rh\  I  Ilf  \  rilling  tills  t  If  If  If  I  inns  haul 
skin  <mi  soli  Mihsiiatf  ur.ii  tnutliiinii 

In  adthimn  in  tin*  imif.isftl  ifsisiantf  In  sliding  wrai 
I K‘l \\ f r 1 1  iiirlal  couples.  weal  irsisiantf  n|  iiiiint’en-mi- 
planted  snilatfs  prisisiun;  l.n  IkvuiuI  (hr  implantation 
dr plh  had  hffii  i  lainifd  |JJ)  I  Ilf  pf  i  sisirnt  r  lias  nr i  all\ 

In-fti  atmhntfd  to  initiation  nl  ihr  nnplanlftl  spe  c  u  s  dm 
ini'  ihr  neat  pmtrss  (?»  Rccenllv.  l.n  Russo.  rt  al  (J?) 
drift  ltd.  \Mtli  mu  lr at  traction  aualvsis.  ahout  ‘Ju  pfttrut 
til  ihr  initial  implantril  uittn^ru  dose  in  a  tasr  haidfnint 
sirrl  Dai  wnii)  to  a  ilfptli  nl  *»  |un  Wrai  was  pintlnt<*d  h\ 
i  rt  tptnt  alint  slitlmt  hriurrn  iwn  iinlnhi  it  alftl  Hals  As 
siitt<s|<,<l  H\  Maillf\  t/»>.  this  wrai  condition  was  rssen 
fi.tllv  abrasive  lute irMmi*h .  (hr  implamrd  slide i .  whith 
li.tt  1  a  Inwri  wrai  lair  hf\mitl  l hr  mu  m  peimd.  sluiwctl 
a  l.n  n<- 1  mass  loss  tint  in v;  i  tin  m  ilian  the*  mnmplantfd  sm 
l.u  r  l-  h 

I  hr  i  r  suits  n|  t  lif  .ml  lint  s'  wrai  tests  i  lij*  ll.  c  leal  Ii  mnie 
ahiasne  dun  I  <>  Russo's.  alsn  itulualf  that  die  implanted 
stainless  steel  mitiallx  Inst  tnass  mnrr  lapullv  than  the*  net 
implanted  steel  I  Ins  ilciieasetl  weal  lesistatur  pcisisted 
Ik'MMhI  die  initial  implant  depth  and  was  at t  mnp.mietl.  at 
cm  duty;  to  tin\es  <h)  ami  It  >.  h\  an  iliw.ud  miypatinn  nl 
niti"ntn 

I  he  i  em.it  kahle  h.iideiiiut;  <>l  the  stainless  steel  h\  mi 
plantetl  titanium  appeals  In  p.uailel  irsulls  obtained  ic 
tenth  with  \1S|  VJ  I  IM  l  steel,  wliete  l.n  y»e  letlmdnns  m 
liuttmi  and  wrai  weie  Inittid  t/«)  1  lie  se  filet  Is  weie  at 

ti  ihulcd  to  the  piesent  e  nl  haul,  inlet  tnelalln  titanium  t  at 
Imle.  winch  was  delft  led  hi  these  sut  hues  pist  as  it  was  in 
the  tv  pe  10  I  disks 


SUMMARY  AND  CONCLUSIONS 

Wrai  with  mu  ininetri  si/e  abtasnes  has  hern  it  inflated 
with  h.udness  and  usetl  mdeteimine  the  h.itthifss  of  mii - 
late  lav c i s  as  (Inn  as  - '»  mn  I  he  siitl.ue  nl  nitiny>rii-uti- 
planted  a at  Immi  steel  was  inund  to  he  h.ndei  than  the  htdk. 
while  htt:ny;rn  implanted  l\pe-.‘Ul-l  stainless  steel  suii.ues 
weie  stdlel  than  ummplanlrd  «»nes  l  he  irlalne  snltness 
nl  the  niiplantetl  stainless  steel  miiI.im  '  ma\  have  Ikcii  due 
to  inlfileientf  with  1 1  anstm  mat  ion  h.inirnmy’  during 
wrai  I  his  inrt  hamsin  mav  explain  die  Ik'IiHuuI  rllett  ol 
implantation  seen  witli  slidmi;  wr.ti .  wlieie  wm  k  liaidming 
t  .in  mt  lease  tlelainm.KUMi  and  wear 

I  he  hai  dr m ii ^  ellrt  1  in  i  al  In  hi  strrl  w.is  t  mihm  d  lo  the 
initial  depth  nl  implanlalinii  In  the  stainless  steel,  howevei , 
(he  snlirmng  el  let  t  pel  sisted  lo  i  w  it  e  the  initial  depth,  and 
inigralimi  ol  the  mitogen  vvas  ohseived  Despite  the  mi 
giulimi  ohseived  m  the  stainless  steel,  the  implanted  nitm 


gen  appealed  It*  Ik-  mme  1 1^  lit  Is  hound  their  than  m  die 
low  allot  steel 

linpl.mtaiion  ol  titanium  m  the  stainless  steel  protimed 
i nnsitle i able  li.ndming  ol  die  sml.ue.  appaienth  due  lo 
the  (onnalion  ol  tit.mmtn  t  allude. 
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Chemical  state  of  ion-implanted  nitrogen  in  Fe18Cr8Ni  steel 

I.  L.  Singer  and  J.  S.  Murday 

Surface  Chemistry  Branch,  Code  6170,  Naval  Research  Laboratory.  Washington,  D.  C.  20375 
(Received  27  August  1979;  accepted  5  November  1979) 

Auger  electron  spectroscopy  (AES)  and  x-ray  photoelectron  spectroscopy  (XPS),  in 
conjunction  with  ion  milling,  were  used  to  determine  the  chemical  state  of  nitrogen 
implanted  at  relatively  high  doses  (lO'MO'Vcm2)  into  type-304  steel.  Nitrogen  atoms  were 
bonded  in  the  nitrided  state,  at  all  doses,  according  to  both  AES  and  XPS.  As  the  nitrogen 
concentration  increased,  the  lineshape  of  the  Cr  MW  Auger  spectra  evolved  from  that  of 
metallic  Cr  to  Cr  nitride;  at  highest  doses,  the  Fe  MW  lineshape  could  be  identified  as  Fe 
nitride.  Auger  and  XPS  spectra  of  implanted  304  and  thermally  nitrided  304  were  virtually 
identical  at  comparable  nitrogen  concentrations.  The  Cr(2p3  2)  binding  energies  of  both, 
however,  were  about  1  eV  lower  than  found  in  Cr  nitride  but  0.5  eV  higher  than  in  metallic 
Cr. 


PACS  numbers:  82.80.Pv,  61.70.Tm,  61.70.Wp 

I.  INTRODUCTION 

Steels  implanted  with  nitrogen  ions  have  exhibited  greatly 
improved  resistance  to  wear. 1  5  Since  implants  of  inert  ions1 4 
or  self-ions5  have  not  proven  beneficial,  the  improvement  is 
believed  due,  in  part,  to  the  chemical  state  of  the  N-implanted 
surface  l  sing  Mossbauer  spectroscopy .  l.ongworth  and 
Hurtle) detected  Fe  nitrides  in  N-implanted  Fe  foils  Ana¬ 
lytical  studies  of  \- implanted  steels  by  Dearnaley  ct  ai.‘ 
however,  suggest  that  alloying  elements  in  the  steel,  not  the 
Fe  itself,  may  tie  up  the  implanted  nitrogen 

In  the  present  study.  we  have  examined  the  composition 
of  an  FelSCrSNi  steel  surface  implanted  with  high  doses  of 
nitrogen  ions  Chemical  analysis  was  performed  w  ith  Auger 
electron  spectroscopy  and.  to  a  lesser  extent.  XPS.  and  both 
in  conjunction  w  ith  inert  ion  milling  Chemical  changes  in  the 
nitrogen-implanted  surface  with  increasing  implant  dosages 
w  ill  lx*  reported 

II.  EXPERIMENTAL 

The  steel  substrates  used  for  this  work  were  cut  from 
AlSI-type  304  stainless  steel,  an  austenitic  steel  containing 
principally  ( ’r  ( \Hci )  and  N'i  (8r< )  by  weight  H  Finely  |>olished 
substrates  were  implanted  w  ith  SO  keV  N24  molecular  ions 
(i.e  ,  4()keV/N  +  ion)  in  the  Naval  Research  Latioratory's  200 
keV  im planter  Average  current  densities  of  the  rastered  ion 
lieam  were  in  the  range  1  15  pA/crn2  During  implantation, 
the  pressure  in  the  target  chamfM*r  was  kept  at  10" J  Pa  or 
less 

One  of  the  polished  .304  substrates  was  nitrided  by  an  ion¬ 
nitriding  process  9  The  substrate  was  heated  to  525  (  and 
exposed  to  an  ammonia-hydrogen  plasma  f or  12  h  The  ni¬ 
trided  surface  was  rcj>olished  only  enough  to  regain  its  luster 
(less  than  5  pm  of  the  100  jjrn  case  was  removal)  In  addition, 
an  Fe  foil  a  Cr  sulistrate  and  several  commerciallv  prepared 
ceramic  jxiwder  specimens  (( !r\.  (  >A  FejN  +  FejNiwere 
acquired 10  as  reference*  standards 

\uger  clot  tron  sjmm  troscopv  was  |M*rformetl  in  a  Plivsit  ,<l 
Electronics  Inc  Pill’  \1ikIc1  515  St. inning  Anger  Micro 

327  J  Vac  Set.  Tachnol ,  17(  1 ).  Jan./Fab  1980 


prolx*  Spectra  were  taken  in  the  derivative  moth*  w  it  1 1  a  2  keV 
elect ron- l)cam  and  w  it li  currents  less  than  1  n  A  Tin*  electron 
analv/.er  was  o[)erated  with  modulation  amplitudes  ol  I  e\ 
at  low  electron  energies  (0  1(K)  eV)  and  .3 eV  at  high  energies 
( 100-1000  eV)  Auger  s|M*ctra  were  taken  during  or  imme¬ 
diately  after  ion  milling  in  an  Ar  or  Ne  gas  atmosphere  at 
chamber  pressures  of  7  mPa  The  ion  beam  w  as  operated  at 
2  keV  and  at  selected  current  densities  lie ‘tween  1  -30  p  A  cur. 
as  measured  with  a  Faraday  cup 

X-ray  photnelcctron  spectroscopy  (XPS)  was  jierformetl 
in  a  PHI  Model  548  Auger  ESC  A  sjiectrometer  cquip|x*d 
with  a  1  keV  ion  gun  The  x-ray  source  was  o|M*rated  w  itfi  an 
Al  anode,  and  s|K*ctra  were  takt*n  in  the  rt*tar<l  mode  with  a 
pass  energy  of  50  eV,  corres{>onding  to  an  overall  energy 
resolution  of  alx>ut  1  2  eV 

Chemical  information  was  extracted  from  Im>( h  Auger  and 
XPS  spectra.  Lineshajx*s  of  Auger  valence  sjxvtra.  i.e..  sjxntra 
resulting  from  valence  electron  transitions,  were  used  to  fin 
gerprint  the  chemical  state  of  certain  elements  The  method 
has  been  descril>ed  previously  for  chemically  modified  Fe 
alloy  surfaces  11  15  XPS  funding  energies  were  measured 
relative  to  the  Au  4/7  2  electron  level  (HE  =  84  0  e\  )  The 
binding  energy  of  the  Fe  2p\  2  electron  level  was  used  as  a 
secondary  reference,  a  value  of  707.0  ±02  eV  w  as  obtained 
on  ion-milled  -304  substrates  in  agreement  with  several  re¬ 
cently  published  values  14  15  Binding  energies  for  tfie  chro¬ 
mium  nitride  powder  samples  could  not  In*  reproduced  as 
accurately  as  for  steel  sulistrates  prolxably  t localise  of  charging 
or  binding  energy  shifts  due  to  excessive  oxygen  contamina¬ 
tion 

III.  RESULTS  AND  DISCUSSION 

Auger  electron  spectroscopy,  in  conjunction  with  inert -ton 
milling,  was  uvxl  to  examine  the  eoni|Misition  of  30-1  sulist  rates 
implanted  w  itfi  nitrogen  to  doses  from  It)1*'  to  I0|s  N 4  t  nr 
(  !orn|)osition  profiles  of  all  samples  showed  the  presence  o| 
a  surface  carUm  contaminant  overlavei  and  an  oxide  film 
The  tfm’kncss  of  the  oxide  film  \ aried  depending  mi  sample 
implantation  conditions  ( 'om|H>siti«m  of  the  oxide  laver  and 
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Ku;  1  Auger  spectra  ft*r  three  304  substralt-s  t<>|>  nitrogen  implanted  304. 
I  O'  ‘  cm2  at  40  keV,  spectrum  recorded  at  depth  near  maximum  nitrogen 
amplitude,  middle  nitrided  304.  hnttom  High  energy  s|M*etra 

(200  900  eV)  taken  with  modulation  amplitude  of  3  e\  during  Ar  ion  nulling 
l2  keN  at  20*iA  cm2*,  low  energ>  sjMvtra  \20  tiOeVlat  1  oV  m<xlulatioii  with 
mu  Itearti  off 


the  oxide, metal  inter f an*  closely  resembled  thermal  oxides, 
with  thickness  ami  com|H>sition  corresjxmding  to  different 
temperatures  of  growth. ,h 

Composition  vs  depth  profiles  of  the  sulrsurfaee  laser  easily 
deteeteii  nitrogen  itnplante<]  at  lowvst  doses  (^2  X  1()IH  'em2) 
Nitrogen  depth  profiles  were  roughly  Gaussian  for  doses  :  2 
X  10,7/cm2.  with  peak  concentrations  at  alxnit  55  run  below 
the  surface  At  a  dose  of  tO^/cm2  the  profile  was  skewed, 
looking  more  like  the  profile  of  implants  in  surfaces  subjected 
to  sputtering  during  implantation  17 

The  chemical  state  of  the  atoms  in  the  nitrogen-alloyed 
sub-surface  layer  has  been  inferred  principally  from  Auger 
spectra  An  Auger  spectrum  of  504.  implanted  to  It)17  cm2, 
is  shown  in  Fig  l  (upper  trait*)  The  spectrum  was  taken  after 
approximately  55  nm  of  the  substrate  was  removed  by  2  keV 
Ar+  ion  milling  For  comparison,  spectra  of  ion-milled,  ni¬ 
trided  504  (middle  trace),  and  ion  milled,  504  (lower  trace) 
are  also  shown  in  Fig  l  The  high  energy  portions  (200  900 
eV)  of  Fig  I  were  recorded  during  ion  milling  to  minimize 
()  and  C  buildup  on  the  clean  surface  The  low  energy  jxir 
lions  (20  fiOeV)  wen*  r«vord«*d  with  the  ion  !x*am  off.  the  ton 
U*am  ap|k*ared  to  distort  the  low  energy  spectra  The  liigh 
energy  |x>rtion  < »f  the  s|xvtrum  shows  the  preseiiix*  of  tlx*  three 
main  elements  of  504  Fe.  ( !r.  and  \i  In  addition,  it  shows 
implanted  nitrogen  and  argon,  the  argon  signal  is  attributed 
to  the  atoms  imlicddcd  during  Ar  ion  milling  Tlx*  low  energy 
(xirtion  of  the  s|xvtrum,  presented  on  an  expanded  energy 
scale,  shows  the  \1VV  Auger  s|x*ctra  of  (  r  and  Fe 

The  sjxxtr.i  of  N  implanted  504  and  nitrided  504  had 
several  features  m  common  which  were  not  found  m  s|x*ctra 
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Is  HI  I  I  t-\  pen  menial  hind  mg  energies  (in  cV  )  of  (  r  .mil  f  e  2/>  i  .* 
electron  levels  and  \  I *  electron  level  in  t()4  substrates  and  reference 
compounds  Txpcnmcnl.il  unceriamls  is  ill  ?  c\ 
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cA 


ol  504  Both  sjxvtra  had  similar  N*/  /  lineshapes  and.  at  im¬ 
plant  doses  of  alx nit  I01,  cm2,  almost  equal  amplitudes  Their 
(  t.xivv  lmeshajx*s  were  similar  toeaeh  other  but  differeif  from 
that  in  504  The  |x*ak-to-|x*ak  amplitude  ratios  of  /<  ,  !\.r 
( I.MXt  sjxvtra)  in  Urth  were  smaller  than  in  504.  while  the 
ratios  /  y,  lyt.  were  larger  The  latter  two  features  may  lx*  a 
consequence  of  the  nitrogen  chemistry  and  or  the  ion-milling 
process.  anil  will  lx*  treated  in  a  later  j>ajx*r 

Nitrogen  in  N-implanted  504  ap|x*ared  to  lx*  in  a  nitrided 
state.  I>a.si*d  on  its  \*//  Auger  lineshape  The  \ku  lineshajx*. 
at  all  detected  amplitudes  (0  01  <  / s  / <  1  4).  resembled 
the  \m  /  lineshape  of  nitrided  504  This  lineshape.  shown  in 
Fig  1,  was  also  virtually  indistinguishable  from  lin- 

eslui|x*s  olrscrved  in  sjxvtra  of  chrome  nitrides,  iron  nitrides, 
or  niobium  nitride  lH  The  liiieshajx*  differed.  however,  from 
N k/.i  sjxvtra  ol  a  nonmetallic  nitride.  B\.fv  and  of  com 
jxumds  containing  N  ( >  ligands  20 

XPS  ilata  also  indicated  nitrogen  in  a  nitrided  state  The 


f  NfHGV  l«V* 
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Kh.  I  M\  V  \njjei  s)Mx1i.i  •«!  ,a i  11  u'l.illu  (  r  and  1  i  Nitride  .iiu!  d»;  metallic 
Ke  and  IV  ml  ode  \nalwei  o|«‘ialrd  al  modulation  amplitude  of  1  rV 


I >i tuliny;  energy  of  tin*  Nils'  level  in  V  implanted  104  was 
found  to  lie  197  7  ±(>2eV  This  funding  energy  BF  is  char 
ueteristicof  nitrogen  in  a  nitndt'd  stair  *“  The  NO*)  binding 
energy  of  nitrided  104  was  further  shifted  downward  In  0  5 
eY  from  that  of  \  implanted  104  The  measured  binding 
energies  for  the  two  substrates  and  for  several  reference 
compounds  are  listed  in  Table  1  In  addition.  \i  Is'  spectra  of 
Imth  substrates  also  showed  a  “shoulder*  at  a  binding  energy 
near  -400  eV  This  shoulder  ina>  In*  attributed  t*»  a  weakly 
adsorU’d  \  sper  ies.  ohsetv <*<1  on  freshly  jiolished  nit r hir'd  104 
surfaces  ami  on  Fe  surfaces  exposed  to  nitrogen-containing 
gases  In  siiimnary .  Imth  ATS  ami  XI’S  data  imbeated  that 
nitrogen  implanted  into  101  exists  as  a  nitrided  s|H*eu*s 

\nger  analysis  further  suggested  that  the  nitrogen  was  most 
likely  tied  up  ehemiealK  with  the  ehromitim  Fvidence  for 
this  was  found  in  the  MW  lirteshapc  changes  show  n  in  Tig 
2  With  increasing  doses  of  \  ions,  tin*  jvak  in  the  MYV  eurve 
al»2eV  i  solid  tine  iik\  urn-  ane  0«-  tie:, 1!  cY  Vlm*vt<»,o 
time,  a  new  |ieak  develop'd  at  2-S  eY  flashed  line)  and  the 
overall  amplitude  of  the  2H  Hi  eV  jx*ak  dtvreased  relative  to 
the  lSeY  40 eV  jieak  We  assoeiate  this  speetral  feature  with 
the  nitriding  of  l'r  and  not  Ke  since  it  up|»eured  in  nitrided 
t’rJtKig  luOjbnt  not  in  nitrided  KeliFig  1th)|  At  implant 
doses  greater  than  2  X  101  ■  cm*.  the  Ke  might  also  have  Ik* 
come  nitrided.  the  rounding  of  the  KK\|\  \  |*\»k  on  the  low 
energy  side  of  the  h’m  i  sjiectraof  Fig  2  is  (*onsistent  with 
a  similar  rounding  in  the  Fe  nitrided  s|M><  trum  of  Fig 

1(b) 

With  XI’S.  th<*  chemical  state  of  <  r  in  the  N 4 -implanted 
substrate  could  not  lie  clearly  identified  The  (  r  (Is'  and  ( 'r 
tip'  sjwh  Ira  were  partially  ohw  toed  by  ovnUpptng  x  ray 
satellites  of  the  corres|tondmg  Fe  spcdra  I  lie  (  r  2p  i  z  data, 
listed  m  Table  I  .  shows  that  the  binding  energy  was  I  eY 
lower  than  m  reference  <  r  nitrides  and  <)  5 eV  higher  than  in 
metallic  (  r  However,  the  smir  value  was  found  for  mtndrsl 
■1<M.  which  is  Iteheved  t«*  <  oiitain  <  r\  precipitates  i4  This 
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discrepant  >  tnav  In*  due  to  sputtering  artifacts  (there  was  no 
mention  of  sputtenng  f<»r  the  (  a  nitride  reference  data',  or 
it  may  Ik-  that  the  (  i  binding  energy  for  (  r  nitride  precipi¬ 
tates  in  104  are  slutted  m  energy  from  bulk  (!r  nitride 

IV.  SUMMARY  AND  CONCLUSIONS 

Auger  analysis  on  conjunction  with  inert  ion  milling  was 
used  to  examine  the  eomjvosilum  of  1(M  implanted  with  N  to 
doses  ranging  from  10,h  !0IS  cm1  Below  I  he  oxide  lav  er.  a 
unique  nitrogen  alloyed  subsurface  layer  was  formed  Ni 
trogen  concentration  vs  depth  pro! lies  were  (•aussian  like  m 
sh.qie  tor  doses  up  to  2  X  I01  cm*-*,  but  at  an  impiant  dose  of 

10,h  cm*  th<‘  nitrogen  profiles  apjxanxl  sputter  hunted  The 
cbenucal  states  of  the  implanted  \  and  the  metallu  host 
atoms.  Fe  ami  (.'r.  were  identified  principalis  In  then  Auger 
lmesha|M*s  N  was  observed  m  a  nitrided  state  at  all  doses,  I'i 
apjKMred  to  Ik*  the  metallic  qx'cirs  lk>ndcd  to  N  at  doses  up 
to  2  X  It)1  cm’,  and  Fe.  too.  ap(vaicd  Inuided  to  \  al 
10,N  cm*  The  technique,  however,  vv as  not  capable  of  null 
eating  whether  the  metal  atom  mitogen  interaction  ivcuncd 
lk*t  ween  soliitiom/ed  atoms  or  ml  Inn  metal  nit  i  ide  prccipi 
tales 
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SURFACE  HARDENING  OF  BERYLLIUM  BY  ION  IMPLANTATION* 

K.  A.  KANT,  J.  K.  HIRVONEN  AND  A.  R.  KNUDSON 
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The  effectiveness  of  ion  implantation  for  the  production  of  a  hard  wear- 
resistant  surface  on  instrument  grade  beryllium  of  high  strength  (HP-40)  was 
explored.  Samples  of  beryllium  were  implanted  with  boron  and  were  subjected  to 
microhardness  tests  in  both  the  as-implanted  state  and  after  annealing.  The 
implanted  region  was  examined  using  Rutherford  baekscattering  to  determine  the 
depth  distribution  of  the  implanted  boron.  By  using  ion  implantation  to  produce  a 
buried  layer  containing  boron,  the  limitations  imposed  by  solubility  and  diffusivity 
are  avoided  and  much  greater  boron  concentrations  than  those  attainable  with 
conventional  thermal  treatments  are  generated. 


1.  INTRODUCTION 

The  feasibility  of  using  ion  implantation  to  harden  the  near-surface  region  of 
instrument  grade  beryllium  (HP-40)  was  investigated.  This  study  was  motivated  by 
a  need  to  provide  a  means  of  reducing  the  wear  experienced  by  gas-bearing  surfaces 
during  starting  and  stopping,  while  avoiding  porosity  and  adhesion  problems 
sometimes  encountered  with  hard  coatings.  Attempts  have  been  made  to  diffuse 
boron  thermally  from  an  outer  layer  (diffusion  source)  into  beryllium  to  harden  the 
surface.  However,  it  appears  that  beryllium  atoms  may  preferentially  diffuse 
outward  into  the  boron  (rather  than  the  boron  diffusing  into  the  beryllium),  which 
would  make  this  technique  unsuitable  for  the  preparation  of  desired  surface  alloys. 

Implantations  were  carried  out  and  microhardness  tests  and  Rutherford 
baekscattering  studies  were  made  to  determine  the  effect  of  sputtering  on  the 
maximum  attainable  boron  concentration  and  the  effect  of  thermal  annealing  on  the 
redistribution  of  the  implanted  boron. 

2.  MICROHARDMSS  IlSTS 

The  boron  distribution  for  these  tests  was  composed  of  four  overlapping 
gaussian  boron  distributions  implanted  at  energies  ranging  from  90  to  250  keV  at 
fluences  between  1.2x  I0'7  and  1.7  x  10’’  "B  atoms  cm  2.  The  energies  and 
flucnccs  were  chosen  to  produce  a  relatively  uniform  boron  distribution  of 
approximately  10  at.",,  concentration  extending  into  the  beryllium  host  to  about  O  X 
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pm.  Samples  were  also  implanted  at  proportionally  higher  Huences  to  produce  20 
at.",,  and  40  at.“„  concentrations.  Microhardness  tests  were  made  by  impressing  a 
pyramidal  (Knoop)  diamond  stylus  into  the  surface  of  the  sample  under  a  fixed  load 
of  5.  10  or  25  g.  measuring  the  dimension  of  the  resultant  depression  and  converting 
this  to  a  microhardness  value  which  is  related  to  the  yield  stress  of  the  material.  Such 
measurements  are  difficult  to  quantify  when  the  thickness  of  the  layer  to  be 
measured  is  less  than  ten  times  the  depth  6f  penetration  of  the  stylus.  Nevertheless 
comparative  measurements  serve  as  useful  guides. 

Figures  1  and  2  are  plots  of  the  microhardness  test  results  obtained  on  as- 
implanted  samples  and  on  samples  annealed  for  1  h  at  650  C.  As  expected  the  results 
for  the  lighter  loads  more  properly  indicate  the  changes  produced  by  the 
implantation.  Both  figures  show  an  overall  increase  of  hardness  with  increasing 
boron  concentration.  In  addition  thermal  annealing  produces  a  further  net  increase 
of  hardness  at  the  highest  concentrations. 


a-' 


20  40 

BORON  CONCENTRATION  (AT  ..) 


iQ  *0 

BORON  CONCENTRATION  lAT  ",  i 


Fig  I.  Relative  hardness  of  as-implanted  HP-40  as  a  function  of  the  initial  peak  boron  concentration 
The  figures  on  the  curves  are  hardness  values  normalized  to  the  unimplantcd  hardness  values  obtained  at 
each  load 

F  ig.  2.  Relative  hardness  of  implanted  H  P-40  annealed  for  l  h  at  <\50  C  as  a  function  of  the  initial  peak 
boron  concentration.  The  figures  on  the  curves  are  hardness  values  normalized  to  the  unimplanted 
hardness  values  obtained  at  each  load. 


The  microhardness  values  obtained  for  near-surface  regions  can  be  influenced 
by  several  competing  factors.  The  implantation  process  is  expected  to  produce 
increases  of  hardness  due  to  radiation  damage  and  to  compressive  stress  introduced 
by  forcing  a  large  number  of  impurity  atoms  into  a  host  lattice.  Thermal  annealing 
reduces  near-surface  damage  produced  during  sample  preparation  (eg  by 
polishing)  as  well  as  radiation  damage  produced  during  implantation.  Post¬ 
implantation  heating  can  also  facilitate  the  formation  of  surface  oxides  or  of 
beryllium  boride  precipitates  producing  precipitation  hardening.  All  of  these  factors 
arc  believed  to  be  involved  and  yield  the  results  shown  in  Fig.  2:  however,  the  most 
significant  net  result  is  the  hardening  seen  for  the  annealed  sample  of  highest  fluenee 


66 


SIRIACI  HARDI  NINt;  <>t  Be  BY  ION  JM)*I  AN  1  A 1ION 


21) 


This  is  presumably  caused  by  the  formation  of  a  layer  of  a  (hard)  beryllium 
compound,  the  formation  of  beryllium  boride  precipitates  causing  hardening,  or 
both  of  these.  Mierostruetural  studies  in  progress  are  expected  to  reveal  which 
processes  are  occurring. 


Fig  '  Backscatleriiii:  spectrum  of  as  implanleit  herillmm  ct  «  10'  B.iloniscm  •') 


3.  ION  BACKS!  At  II  KINli  ANAl  V  SIS 

Helium  ion  backscattering (3  MeV)  was  used  to  ( 1 )  measure  the  depth  protile  of 
the  implanted  boron.  (21  study  the  effects  of  annealing  on  the  boron  distribution  and 
(3)  evaluate  the  limitation  imposed  by  sputtering  on  the  achievable  boron 
concentration.  Figure  3  is  the  backscattering  spectrum  of  a  sample  implanted  w  ith 
7?  keV  boron  to  a  Alienee  of  4  x  10'  B  atoms  cm  ;  and  Fig.  4  is  the  spectrum  of  the 
same  sample  after  annealing  at  630  C'  for  20  min.  Several  conclusions  can  be  draw  n 
from  these  spectra.  The  argon  marker  implanted  before  the  boron  implantation  was 
not  observed  to  shift  in  energy  (i.c.  depth)  due  to  the  boron  implantation,  indicating 
that  the  sputtering  rate  due  to  the  boron  implantation  is  very  low  This  implies  that 
highler)  concentrations  of  boron  can  be  achieved.  A  comparison  of  the  boron  signals 
before  and  after  annealing  shows  that  annealing  reduces  the  peak  concentration  and 
appears  to  move  the  boron  towards  the  surface  In  addition,  the  shape  of  the  boron 
signal  in  Fig  4  is  consistent  with  that  expected  if  boron  were  precipitating  out1, 
presumably  as  a  beryllium  boride  These  results  indicate  that  it  should  be  possible  to 
attain  a  boron  concentration  high  enough  to  favor  the  formation  of  a  layer  of  the 
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hardest  beryllium  boride  BeB,.  The  B  Be  phase  diagram  indicates  that  BeB,  may  be 
present  in  the  annealed  layer  containing  40  at.",,  implanted  boron. 

By  using  ion  implantation  to  produce  a  buried  layer  containing  boron,  the 
limitations  imposed  by  solubility  and  dilTusivity  are  avoided  and  much  greater 
boron  concentrations  than  those  attainable  with  conventional  thermal  treatments 
are  generated.  Time  and  temperature  exposures  are  also  greatly  reduced  compared 
with  conventional  diffusion.  Whether  implantation  will  prove  to  be  an  appropriate 
fabrication  technique  for  this  particular  use  will  require  further  study.  Nevertheless, 
this  example  serves  to  demonstrate  the  potential  advantages  of  ion  implantation  as  a 
surface-modifying  technique  for  small  critical  parts.  These  potential  advantages 
include  the  following:  no  macroscopic  dimension  changes,  adhesion  superior  to  that 
for  coatings  (because  of  no  abrupt  interfaces)  and  none  of  the  porosity  problems  that 
are  associated  with  some  coatings  for  this  application. 


Fig  4  Buck  scat  ter  in*  spectrum  of  boron-implanted  hcr>  Ilium  annealed  at  650  C  for  20  min  (4  *  I0l '  H 
atoms  cm  :|. 
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THE  EFFECT  OF  ION  IMPLANTATION  ON  FATIGUE  BEHAVIOR 
OF  Ti-6  A1-4V  ALLOY 

R.  G.  Vardiman* 

^Alloy  Transformation  and  Kinetics  Branch 
Material  Science  and  Technology  Division 
Naval  Research  Laboratory 


This  work  was  supported  by  the  Office  of  Naval  Research. 


69 


The  Effect  of  Ion  Implantation  on  Fatigue  Behavior  of  Ti-6AI-4V  Alloy 


R.  G.  Vardiman 

Alloy  Transformations  and  Kinetics  Branch 
Material  Science  and  Technology  Division 


Fatigue  is  a  frequent  cause  of  failure  in  metals  and  is  very  sensitive  to  surface 
effects.  The  technique  of  ion  implantation  is  known  to  be  effective  in  improving  the 
surface  properties  of  metals  and  alloys.  The  present  study  is  one  of  the  first  to 
demonstrate  substantial  fatigue  life  improvement  by  ion  implantation. 


]7Carbon  and  nitrogen  have  been  implanted  in  a  -  fi  processed  Ti-6  A1-4V.  A  dose  of  2 
x  10U  atoms/cnri  at  75  keV  was  used  for  each  implant.  This  gives  a  maximum 
concentration  of  the  implanted  species  of  approximately  25  at.%  at  a  depth  of  70  to  80 
nm  beneath  the  surface. 


The  microstructure  of  the  implanted  layer  was  examined  by  transmission  electron 
microscopy  (TEM)  using  an  implanted  TEM  specimen  which  had  been  partly  thinned  on  one 
side.  Final  thinning  experimentation  was  done  from  the  opposite  side.  The  structure 
found  for  the  nitrogen  implants  consisted  of  a  dense,  poorly  resolved  damaged  layer  when 
viewed  in  bright  field  (Fig.  la).  Some  electron  diffraction  patterns  showed  faint  diffuse 
rings,  and  imaging  in  dark  field  with  a  beam  from  an  area  of  the  two  closely  spaced, 
innermost  rings  revealed  second  phase  particles,  typically  about  10  nm  in  size  (Fig.  lb). 
The  diffraction  pattern  indicated  a  face-centered  cubic  structure  with  an  estimated 
lattice  parameter  very  close  to  that  of  TiN.  Although  another  phase,  Ti2N  can  exist  in 
the  concentration  range  developed  with  these  implants,  it  was  not  detected,  and 
conditions  apparently  do  not  favor  its  formation. 

The  N+  implanted  sample^  were  annealed  in  vacuum  for  four  hours  at  500°C.  The 
diffraction  patterns  from  the  N  implanted  samples  were  somewhat  stronger  and  sharper, 
but  particle  size  was  only  slightly  increased  as  might  be  expected  from  the  low  mobility 
of  nitrogen  in  titanium.  Also,  no  noticeable  change  was  found  in  the  damage  structure. 


Carbon  implanted  samples  showed  the  same  dense  damage  structure,  but,  in 
addition,  second  phase  particles  were  visible  in  bright  field  (Fig.  2).  The  amount  of  second 
phase  appeared  to  be  greater  than  in  the  case  of  nitrogen  implantation.  Diffuse  rings 
were  again  found  in  the  electron  diffraction  pattern  and,  in  this  case,  corresponded  to  the 
structure  and  lattice  parameter  of  TiC.  After  a  one  hour  anneal  at  400°C  in  ultra-high 
vacuum,  their  size  range  increased  sharply  (Fig.  2b),  thus  showing  the  greater  mobility  of 
carbon  over  nitrogen  in  Of  -Ti. 


Implanted  fatigue  specimens  of  Ti-6  A1-4V  were  tested  in  rotating  beam  fatigue  with 
the  results  shown  in  Fig.  3.  It  can  be  seen  that  although  both  implant  species  improved 
fatigue  life,  the  carbon  implant  gives  superior  results  at  all  stress  levels,  with  an 
endurance  limit  increase  of  about  20  percent  and  a  factor  of  4  to  5  improvement  in 
lifetime  at  the  higher  stress  levels.  Specimens  given  the  heat  treatment  mentioned 
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previously  showed  no  significant  change  in  lifetime.  It  is  natural  to  attribute  the 
superiority  of  carbon  implantation  to  the  greater  amount  of  second  phase  produced  as 
compared  to  nitrogen  implantation. 

17  2 

Carbon  doses  less  than.^  x  10  atoms/cm  do  not  give  the  full  lifetime  increase. 
The  effect  saturates  at  1  x  10  ,  and  higher  doeses  do  not  change  the  fatigue  life  further, 
as  shown  in  Fig.  4. 

Many  of  the  fatigue  fracture  surfaces  have  been  examined  in  the  scanning  electron 
microscope.  For  all  cases  where  the  lifetime  exceeded  2  x  10°  cycles,  the  origin  of  the 
fatigue  crack  was  found  to  occur  between  25  and  150  fi  m  below  the  surface  irrespective  of 
whether  the  specimen  had  been  implanted  or  not.  Such  subsurface  crack  origins  in 
titanium  alloys  have  been  reported  by  others  and  apparently  give  the  same  fatigue  life  as 
cracks  which  originated  at  the  surface.  The  fact  that  fatigue  life  is  increased  despite  the 
origination  of  the  fatigue  crck  well  below  the  implanted  region  indicates  a  complex  effect 
of  implantation  on  the  failure  mechanism. 
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(1.) 

Ki^.  1  Ti-tiAl -I  V  implanted  with  2  X  K)1  •  at./em-  of  nitrogen. 
TKM  foils;  (a)  hrifiht  field,  ( h )  dark  field  usin^  beam  from  a  sec- 
limi  of  the  innermost  diffuse  rin^s  of  thediffraetioii  pattern  shown 
in  inset. 
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CORROSION  CONTROL  BY  ION-IMPLANTATION 


E.  McCafferty,  G.  K.  Hubler,  and  J.  K.  Hirvonen 
Naval  Research  Laboratory,  Washington,  DC  20375 


ABSTRACT 


An  exciting  new  approach  to  corrosion  control  is  the  modification  of  the  surface 
of  metals  by  ion  implantation.  Ion  implantation  is  a  process  by  which  high  velocity 
ion  beams  of  any  desired  alloying  element  are  bombarded  into  the  surface  region  of 
the  substrate  metal.  The  Naval  Research  Laboratory  is  involved  in  a  broad  research 
program  on  the  application  of  ion  implantation  for  the  improvement  of  material 
properties,  including  resistance  to  aqueous  corrosion.  This  paper  outlines  the 
characteristics  and  advantages  of  the  ion  implantation  method  and  illustrates  the 
approach  with  two  examples  of  corrosion  research  in  progress  at  the  Naval  Research 
Laboratory.  The  first  of  these  is  a  fundamental  study  on  the  effect  of  implanted 
palladium  on  the  corrosion  of  titanium  in  hot,  concentrated  acids.  Implanted  Pd 
reduces  the  corrosion  rate  of  Ti  by  a  factor  of  1,000,  with  the  improvement  due  to 
retention  of  Pd  at  the  surface.  The  second  example  is  a  practical  study  on  the  use 
of  ion  implantation  to  improve  the  corrosion  resistance  of  bearing  alloys  used  in 
aircraft  engines.  Preliminary  results  indicate  that  Cr  implantation  substantially 
reduces  pitting  corrosion  of  M50  steel  in  chloride-contaminated  lubricating  oil. 


Introduction 


Aqueous  corrosion  is  caused  by  electrochemical  reactions  occurring  at  the  metal 
surface.  One  method  of  corrosion  control  is  to  introduce  by  alloying  elements  which 
improve  the  inherent  thermodynamic  stability  of  the  surface,  or  promote  the  forma¬ 
tion  of  protective  films.  One  general  problem  with  bulk  alloying  is  that  elements 
which  improve  corrosion  resistance  may  not  be  those  which  give  the  desired  struc¬ 
tural  properties  of  the  material.  In  many  cases  this  problem  can  be  surmounted 
through  the  use  of  inhibitors  or  surface  treatment  techniques.  Ion  implantation  is 
a  new  method  of  surface  treatment  in  which  high  velocity  ion  beams  of  any  desired 
alloying  element  are  bombarded  into  the  surface  region  of  the  substrate  metal.  Ion 
implantation  offers  the  advantage  of  modifying  the  surface  composition  without 
altering  bulk  properties  because  the  implanted  region  is  typically  only  hundreds  to 
thousands  of  angstroms  deep. 

Despite  the  rapid  acceptance  of  ion  implantation  in  come  fields,  such  as  in  the 
manufacture  of  semiconductor  devices  (1),  comparatively  littl®  attention  has  been 
paid  the  possibility  of  controlling  aqueous  corrosion  by  means  of  ion  implantation. 
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The  purpose  o£  this  paper  is  to  provide  Bone  background  on  the  ion  implantation 
method  and  to  illustrate  the  approach  with  two  examples  of  corrosion  research  in 
progress  at  the  Naval  Research  Laboratory.  One  of  these  examples  is  a  laboratory 
investigation  on  the  implantation  of  palladium  into  titanium.  The  second  is  a  more 
practical  study  on  the  use  of  ion  implantation  to  improve  the  corrosion  resistance 
of  M50  alloy  bearings  used  in  aircraft  engines. 


The  Ion  Implantation  Method 


Ion  implantation  is  a  process  by  which  virtually  any  element  can  be  injected 
into  the  near-surface  region  of  any  solid  by  means  of  a  beam  of  high-velocity  ions 
(usually  tens  to  hundreds  KeV)  striking  a  target  mounted  in  a  vacuum  chamber. 

Figure  1  is  a  schematic  representation  of  the  Naval  Research  Laboratory  ion 
implantation  apparatus.  Atoms  of  the  desired  species  are  ionized  in  the  ion  source 
and  injected  into  an  acceleration  stage.  Since  many  ions  in  addition  to  the  desired 
species  are  accelerated,  an  ion  analysis  magnet  is  necessary  to  separate  the  desired 
ions.  Further  down  the  beam  line  the  ion  beam  is  rastor  scanned  by  means  of 
electrostatic  deflection  plates  to  ensure  that  a  uniform  distribution  of  atoms  is 
implanted  laterally  along  the  surface.  By  collecting  the  ion  current  at  the  target 
in  a  Faraday  cage,  and  by  knowing  the  area  over  which  the  beam  is  scanned,  the  number 
of  ions  implanted  can  be  measured  (usually  quoted  in  units  of  ions/cm  ) .  The  target 
chamber  is  equipped  to  either  heat  or  cool  the  substrates  during  implantations  which 
are  carried  out  in  a  vacuum  of  about  10_  Torr.  The  NRL  ion  implantation  facilities 
consist  of  a  200-KeV  implanter  and  a  5-MV  Van  de  Graaff  accelerator.  The  maximum 
area  which  can  presently  bo  implanted  at  one  time  is  a  2-inch  x  2-inch  area.  A 
second,  commercially  manufactured,  production-type  ion  implantation  apparatus  cur¬ 
rently  being  installed  is  expected  to  implant  areas  as  large  as  10  square  inches. 


ION  IMPLANTATION  SYSTEM 


Pig. 1.  The  Naval  Research  Laboratory  ion  implantation  system. 
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The  bombarding  ions  lose  energy  in  collisions  with  substrate  electrons  and 
atoms.  Penetration  depths  of  tens  to  thousands  of  angstroms  are  achieved  before  the 
incident  ions  lose  all  their  energy  and  come  to  a  stop.  The  depth  of  penetration 
depends  on  the  accelerating  voltage,  type  of  ion,  and  nature  of  the  substrate.  The 
maximum  concentration  of  implanted  atoms  is  located  beneath  the  substrate  surface, 
and  the  depth-concentration  profile  usually  follows  a  gaussian  distribution.  The 
surface  concentration  of  implanted  ions  that  can  be  achieved  ranges  from  extremely 
dilute  alloys  to  50  atomic  percent.  Table  1  summarizes  the  various  characteristics 
of  the  ion  implantation  process. 

Some  distinct  advantages  of  ion  implantation  as  used  in  corrosion  science  are 
that  special  alloys  may  be  formed  at  the  surface  of  a  metal  which  inhibit  corrosion, 
without  the  alteration  of  desired  bulk  properties.  There  is  no  problem  with 
adhesion  of  the  surface  layer  as  there  is  with  deposited  coatings  since  there  is  no 
abrupt  interface  present  between  the  implanted-alloy  layers  and  the  substrate. 
These  and  other  advantages  of  the  ion  implantation  method  are  summarized  in  Table  2. 

The  Naval  Research  Laboratory  is  currently  involved  in  a  broad  program  on  the 
use  of  ion  implantation  to  improve  various  properties  of  engineering  materials. 
Some  of  the  corrosion  related  aspects  of  that  program  are  listed  in  Table  3. 


Table  1  -  ION  IMPLANTATION  PARAMETERS 


Implanted  elements 
Ion  energies 

Implantation  depths 

Range  distribution 

Concentration 
Host  material 


Virtually  any  element  from  hydrogen  to  uranium  can  be  implanted. 

Normally  2  to  200  KeV.  Energies  up  to  5  MeV  may  be  obtained  with 
the  Van  de  Graaff  accelerator. 

Vary  with  ion  energy,  ion  species  and  host  material.  Ranges  normally 
100  angstroms  to  10,000  angstroms. 

Approximately  gaussian.  Choice  of  energies  allow  tailored  depth 
distribution  profiles. 

From  trace  amounts  up  to  50%  or  more. 

Any  solid  material  can  be  implanted,  including  metals,  semi¬ 
conductors,  and  insulators. 
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Table  2  -  ADVANTAGES  OF  ION  IMPLANTATION 

1.  No  sacrifice  of  bulk  properties. 

2.  Solid  solubility  limit  can  be  exceeded. 

3.  Alloy  preparation  independent  of  diffusion  constants. 

4.  No  coating  adhesion  problems  since  there  is  no  interface. 

5.  No  change  in  sample  dimensions. 

6.  Depth  concentration  distribution  controllable. 

7.  Composition  may  be  changed  without  affecting  grain  sizes. 

8.  Precise  location  of  implanted  area(s). 


Table  3  -  RESEARCH  ACTIVITIES  AT  THE  NAVAL  RESEARCH  LABORATORY 
ON  THE  EFFECT  OF  ION  IMPLANTATION  ON  AQUEOUS  CORROSION 


System 

Applications 

Investigators 

Pd  into  Ti 

Resistance  to  hot  salt 
corrosion;  resistance  to 
crevice  corrosion 

E.  McCafferty 

G.  K.  Hubler 

Various  ions  into 
M50  alloy 

Improve  the  pitting 
resistance  of  bearing 
alloys  used  in  aircraft 
engines 

J.  K.  Hirvonen 

W.  Lucke 

G.  K.  Hubler 

R.  Valori  (NAPC) 

V.  Agarwala  (NADC) 

C.  Clayton  (SUNY) 

N,  Y,  and  Pt 
into  Ti  and 
Ti-6A1-4V 

Improve  fatigue  lifetime 

R.  G.  Vardiman 

T.  W.  Crooker 

R.  A.  Kant 

B.  B.  Rath 

Various  ions  into 
aluminum  alloys 
and  high-strength 
steels 

Improve  resistance  to 
pitting  and  general 
corrosion 

E.  McCafferty 

G.  K.  Hubler 

Various  ions  into 

Fe  foils 

Reduce  hydrogen  permeation 
rate  through  Fe  foils 
(hydrogen  embrittlement) 

M.  Zamanzadeh  (Penn  State  U.) 
H.  W.  Pickering  (Penn  State  U.) 
G.  K.  Hubler 
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A  Fundamental  Study;  Palladium  Implanted  Titanium 


There  have  been  but  a  few  studies  (2-4)  on  the  effect  of  ion  implantation  on 
aqueous  corrosion  resistance.  The  system  chosen  for  initial  study  in  the  Naval 
Research  Laboratory  program  was  palladium  implanted  into  titanium.  This  model 
system  was  selected  because  it  is  well  known  that  small  additions  of  Pd  in  bulk 
alloys  (0.1  atomic  percent)  produce  a  dramatic  reduction  in  the  corrosion  rate  of 
titanium  in  hot,  concentrated  acids  (5,6). 

Our  results  show  that  ion  implantation  with  palladium  reduces  the  corrosion 
rate  of  titanium  by  a  factor  of  about  1,000.  This  improvement  suggests  applications 
where  crevice  corrosion,  with  its  concomitant  local  acidity  (7) ,  would  be  a  problem. 
Indeed,  palladium-titanium  bulk  alloys  have  better  crevice  corrosion  resistance 
than  titanium  in  hot  chloride  solutions  (8,9). 

This  section  will  present  some  of  the  results  of  this  investigation.  More 
detail  is  provided  elsewhere  (10,11).  Samples  of  pure  titanium  rod  (3/8  inch  diam.) 
were  mounted  in  epoxy  molds  and  polished  to^g  mirror  finish.  These  surfaces  were 
implanted  with  palladium  to  a  fluence  of  1x10  ions/cm  at  an  energy  of  90  KeV.  The 
resulting  palladium  concentration  profile  was  approximately  gaussian  shaped  and 
centered  at  a  depth  of  240  angstroms  beneath  the  titanium  surface.  The  concen¬ 
tration  of  palladium  at  that  depth  was  5  atomic  percent,  with  less  than  0.1  atomic 
percent  Pd  at  the  titanium  surface. 

Figure  2  shows  electrode  potentials  vs.  Hg/BgjSO^  as  a  function  of  immersion 
time  for  pure  Ti,  pure  Pd,  and  Pd- implanted  Ti  samples  in  boiling  1M  HjSO..  The  time 
axis  is  plotted  logarithmically  for  illustration  purposes  only.  The  steady-state 
open-circuit  corrosion  potential  of  palladium  is  approximately  1000  mV  more  noble 
than  that  of  pure  titanium.  The  steady-state  corrosion  potential  of  the  implanted 
sample  is  much  closer  to  that  of  pure  palladium  than  that  of  pure  titanium. 
Moreover,  in  the  first  few  minutes  of  immersion,  the  implanted  samples  showed  a 
rapid  shift  from  an  electrode  potential  near  that  of  pure  Ti  to  a  potential  close  to 
that  for  pure  Pd.  After  1  minute  in  the  case  of  two  of  the  implanted  samples  and 
after  1.5  minutes  for  a  third,  the  electrode  potential  was  -1.0  volts  vs.  Hg/Hg2SO< 
and  tending  toward  the  potential  of  pure  titanium.  In  the  next  few  seconds  in  each 
case,  however,  the  electrode  potential  reversed  toward  the  noble  direction  as  the 
Ti-rich  surface  dissolved  away  to  expose  a  new  surface  region  containing  an 
increased  concentration  of  Pd. 

The  buildup  of  palladium  at  the  surface  during  the  corrosion  process  was 
determined  by  Rutherford  backscattering  of  helium  ions.  This  is  a  technique  in 
which  a  beam  of  monoenergetic  helium  ions  is  allowed  to  impinge  on  a  surface  at  a 
constant  angle.  The  number  of  backscattered  helium  ions  collected  for  a  given 
number  of  incident  ions  is  proportional  to  the  concentration  of  dopant  atoms  which 
cause  the  scattering.  The  energy  of  backBcattered  particles  can  be  related  to  the 
depth  of  the  dopant  atom. 
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.  Open-circuit  corrosion  potentials  as  a  function  of  immersion  time  in 
boiling  1M  H2S04  for  pure  titanium,  pure  palladium,  and  palladium- 
implanted  titanium. 


The  energy  spectrum  of  helium  Ions  backscattered  from  ion- implanted  Pd  in 
pure  Ti  for  an  implanted  sample  and  after  two  different  immersion  times  in 
boiling  1M  H.SO . . 
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Figure  3  shows  backscattering  depth-concentration  profiles  for  an  as-implanted 
sample  and  for  samples  corroded  for  two  different  immersion  times.  The  increased 
peak  height  in  the  Pd  profile  with  time  indicates  that  Pd  is  being  built  up  at  the 
surface.  The  area  under  the  curves,  which  is  proportional  to  the  total  amount  of  Pd 
retained  in  the  sample,  is  the  same  for  all  three  curves  indicating  that  no  Pd  is 
lost  during  the  corrosion  process.  The  maximum  surface  concentration  of  Pd  built  up 
during  this  process  was  about  20  percent.  In  the  longest  experiment  run  to  date,  Pd 
was  retained  for  as  long  as  8  hrs. 

Figure  4  shows  potentiostatic  anodic  polarization  curves  for  pure  titanium, 
pure  palladium,  and  palladium-implanted  titanium  in  boiling  1M  B^SO^.  All  curves 
were  determined  after  steady-state  open  circuit  potentials  were  first  established  (2 
to  2-1/2  hrs.  immersion) .  The  anodic  curve  for  pure  titanium  shows  the  normal 
active-passive  behavior  which  has  been  typically  observed  (5,6,12).  Well  defined 
Tafel  slopes  were  not  observed  in  the  active  region,  but  the  corrosion  rate  at  the 
open-circuit  potential  was  determined  by  colorimetric  analysis  of  solution  to^be  3.7 

mA/cm  ,  on  the  basis  that  the  overall  anodic  reaction  is  Ti - — •  Ti  J  +  3^  (12). 

The  implanted  samples  display  a  passive  current  density  of  2  to  6  ^A/cm  ,  which 
may  be  estimated  to  be  the  corrosion  rate  at  the  open-circuit  potential.  Thus, 
implantation  with  Pd  lowers  the  corrosion  rate  of  Ti  by  a  factor  of  about  1,000. 

To  summarize  this  section,  ion  implantation  of  titanium  with  palladium  reduces 
the  open-circuit  corrosion  rate  in  boiling  1  M  sulfuric  acid  by  a  factor  of  about 
1,000.  The  open-circuit  corrosion  potential  is  shifted  approximately  0.9  volts  in 
the  noble  direction  and  is  a  mixed  potential  between  pure  titanium  and  pure 
palladium.  Electrochemical  measurements  and  Rutherford  backscattering  analysis 
indicate  tlat  the  improvement  is  due  to  the  initial  preferential  dissolution  of 
titanium  and  the  retention  and  buildup  of  implanted  palladium. 


Fig.  4.  Anodic  polarization  curves  for  titanium,  palladium,  and  palladium  - 
implanted  titanium  in  boiling  1M  h2so4. 
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An  Application:  Corrosion-Resistant  Bearings 


Pitting  corrosion  in  M50*  alloy  steel  bearings  used  in  turbojet  engines  has 
been  found  to  be  a  severe  problem.  The  difficulty  arises  when  salt  spray  condensate 
accumulates  in  the  engine  lubricants  of  aircraft  not  in  use.  The  Naval  Research 
Laboratory  has  recently  begun  a  cooperative  program  with  the  Naval  Air  Propulsion 
Center  (Trenton,  N.J.)  to  improve  the  corrosion  resistance  of  bearing  alloys  by  ion 
implantation.  This  section  will  describe  the  preliminary  results  and  will  outline 
work  to  be  done  in  the  near  future. 

Initial  work  demonstrated  that  implantation  did  not  degrade  the  rolling  contact 
fatigue  lifetime  of  the  material  as  has  been  found  for  some  coatings.  The  fact  that 
implantation  produces  no  macroscopic  dimensional  changes  and  can  be  applied  to 
otherwise  finished  components  are  two  additional  reasons  that  ion  implantation 
appears  potentially  advantageous  for  this  application. 

Figure  5  shows  the  arrangement  of  a  laboratory-simulated  field  service  test. 
The  cylindrical  surface  resting  on  the  flat  side  of  the  upright  cylinder  is  intended 
to  simulate  a  roller  bearing-on- race  geometry.  The  cylinders  were  positioned  in 
place  and  were  totally  immersed  for  2  hrs.  in  oil  contaminated  with  3  ppm  chloride. 
While  still  in  place,  the  two  parts  were  removed  from  the  oil  and  allowed  to  drip 
dry.  A  meniscus  of  contaminated  oil  was  retained  between  the  two  parts,  as  shown  in 
Fig.  5.  The  two  parts  with  the  meniscus  intact  were  exposed  to  alternate  cycles  of 
moist  air  at  100°F  (8  hrs.)  and  4°F  (16  hrs.)  for  a  total  of  2  weeks. 

When  both  the  flat  and  cylindrical  surfaces  were  unimplanted  M50  alloy,  there 
was  severe  corrosion,  as  shown  in  Fig.  6,  which  is  a  top  view  photograph  of  the  flat 
surface.  The  attack  occurs  in  two  areas  -  in  a  line  of  pits  underneath  the  line  of 
contact  between  the  cylindrical  and  flat  surfaces,  and  in  the  thin  layer  of  oil 
outside  this  region.  As  seen  in  the  figure,  the  attack  in  both  regions  was 
substantially  reduced  when  the  surfaces  were  ion  implanted  with  Cr  to  produce  a 
surface  concentration  of  20%  to  25%.  (See  Fig.  6). 

Future  work  will  involve  corrosion  testing  the  following  implantations  into  M50 
steel: 

Mo,  Mo+Cr,  Ni,  Ta,  Ti,  Al,  Re,  P+Cr. 

The  choice  of  ions  to  be  implanted  includes  those  species  (such  as  Mo)  known  to 
improve  pitting  resistance  of  conventional  alloys  as  well  as  some  (e.g.,  Ta)  which 
form  corrosion  resistant  metastable  alloys  incapable  of  being  produced  by  conven¬ 
tional  metallurgical  means.  The  optimization  of  implantation  parameters  (e.g.,  ion 
species,  ion  dose  (concentration) ,  and  energy)  will  be  determined  by  a  combination 
of  conventional  electrochemical  characterizations  of  implanted  surfaces  as  well  as 
further  simulated  field  service  corrosion  tests.  Selected  ions  which  are  promising 
will  finally  be  Implanted  into  actual  (spherical)  bearings.  As  a  corollary 
investigation,  selected  ions  from  the  above  list  will  also  be  implanted  into 
selected  gear  alloys  such  as  case-hardened  9310  steel. 


•Nominal  composition  of  alloying  elements:  4%Cr,  4%Mo,  1%V. 
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1.  Test  pieces  (both  M50  alloy  steel)  were  placed  in  contact 
as  indicated  by  the  dotted  line. 


2.  Both  pieces  in  place  were  immersed  in  chloride-contaminated 
oil  for  2  hrs.,  removed,  and  allowed  to  dry. 

3.  A  meniscus  of  contaminated  oil  was  retained  between  the 
two  parts: 


4.  The  above  arrangement  was  exposed  to  moist  air 
cycled  between  100°F  and  4°F  for  2  weeks. 

Fig.  5.  Laboratory-simulated  field  service  test  of  corrosion  of  bearings. 
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PROBLEM:  PITTING  CORROSION  IN  MSO  ALLOY  BEARINGS 

APPROACH:  PRODUCE  CORROSION-RESISTANT  SURFACE  ALLOYS  BY  ION  IMPLANTATION 


RESULTS:  MSO  SURFACES  FOLLOWING  SIMULATED  FIELD  SERVICE  TEST 


UNIMPLANTEO  Cr  IMPLANTED 


Fig.  6.  Results  of  the  tests  outlined  in  Fig.  5.  When  both  parts  were  the  M50 
alloy,  the  flat  surface  suffered  severe  localized  attack.  A  line  of  pits 
was  located  at  the  meniscus  center,  and  additional  pitting  was  observed  in 
the  thin  layer  near  the  edge  of  the  flat  surface.  Ion  implantation  with  Cr 
eliminated  both  areas  of  attack  (right  photograph). 

Summary  and  Prospectus 


The  characteristics  and  possible  advantages  of  the  ion  implantation  process 
have  been  outlined  in  this  paper.  Two  examples  of  ongoing  corrosion  research  at  NRL 
have  been  given.  The  first  of  these,  the  Pd-implanted  titanium  work,  has  been 
primarily  directed  toward  gaining  a  better  fundamental  understanding  of  the  effect 
of  implantation  on  a  well-characterized  system,  although  there  may  be  applications 
in  improving  the  hot  salt  corrosion  resistance  and  crevice  corrosion  resistance  of 
titanium  alloys.  The  second  study,  which  is  still  in  its  preliminary  stages,  is 
more  applied  and  is  specifically  aimed  at  improving  the  corrosion  resistance  of 
bearing  alloys  presently  used  in  aircraft  engines. 

It  is  too  early  to  assess  the  utility  of  the  ion  implantation  approach  for 
controlling  aqueous  corrosion.  Initial  applications  will  most  likely  involve  small 
critical  parts,  such  as  bearings,  or  perhaps  special  parts  such  as  within  crevices, 
screw  threads,  or  the  like.  Although  ion  implantation  equipment  technology  is 
presently  capable  of  being  scaled  up  for  large  size  components,  it  remains  to  be 
seen  if  there  is  both  scientific  merit  and  economic  justification  for  such  develop¬ 
ment  for  corrosion  control.  In  addition  to  these  applications,  however,  the  ability 
to  implant  various  ions  into  the  metal  surface  offers  a  unique  research  tool  for  a 
better  understanding  of  corrosion  mechanisms. 
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Emitting  corrosion  of  M50  alloy  steel  bearings  used  in  turbojet  engines  has  been 
found  to  be  a  severe  problem  The  difficulty  arises  when  salt-sprav  condensates 
accumulate  in  the  engine  lubricants  of  aircraft  not  in  regular  use.  Ion  implantation 
was  applied  to  this  problem  because  in  the  early  stages  of  this  work  it  was  show  n  to 
be  able  to  maintain  both  the  dimensional  stability  and  the  contact  fatigue  lifetime  of 
the  M50  bearings. 

Qualitative  tests,  which  simulated  the  geometry  and  thermal  cycle  conditions 
leading  to  pitting  of  the  M50  bearing  surface,  were  performed  using  oil  containing  3 
ppm  NaC'l  Initially  it  was  found  that  chromium  surface  alloys  containing  20  25"„ 
chromium  substantially  reduce  the  level  of  attack.  Prior  to  further  corrosion 
simulation  tests,  potentio-kinetic  studies  were  carried  out  on  M50  implanted  with 
chromium,  molybdenum  and  titanium  in  order  to  screen  both  the  passivating 
tendency  of  the  surface  alloys  formed  and  their  resistance  to  localized  forms  of 
corrosion.  Singular  additions  of  chromium,  molybdenum  and  titanium  were  found 
to  increase  the  resistance  of  M50  to  localized  breakdown  significantly  The  highest 
resistance  to  localized  breakdown  was  found  for  a  multi-implantation  of  chromium 
and  molybdenum 
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Pitting  corrosion  of  M50  alloy  steel  bearings  used  in  turbojet  engines  has  been 
found  to  be  a  severe  problem  The  dilliculty  arises  when  salt-spray  condensates 
accumulate  in  the  engine  lubricants  of  aircraft  not  in  regular  use  Ion  implantation 
was  applied  to  this  problem  because  in  the  early  stages  of  this  work  it  was  shown  to 
be  able  to  maintain  both  the  dimensional  stability  and  the  rolling  contact  fatigue 
lifetime  of  the  MM)  bearing  alloy 

Qualitative  tests,  which  simulated  the  geometry  and  thermal  cycle  conditions 
leading  to  pilling  of  the  M  M)  bearing  surface,  were  performed  using  oil  containing  3 
ppm  NtiCI  These  experiment  consisted  of  pulling  two  cylindrical  bearings  in 
contact  with  one  another  as  shown  in  Fig  I  (biting  was  lound  to  occur  along  the 
line  of  contact  between  the  cylinders  and  general  staining  occurred  outside  the 
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LOCALIZED  CORROSION  R1S1S  I  ANCI 

or  M50  III  ARINA,  Still 

TABLt  1 

Pim  i  NiAOi  composition  ol  M50 

Element 

Amount  (",,1 

Element 

4/noun/ 

Carbon 

O  HO  0  85 

Molybdenum 

4  IX)  4  50 

Manganese 

0  15  0  55 

Vanadium 

0d0  1  10 

Silicon 

0.10  0  25 

Nickel 

0  1  5  max 

Phosphorus 

001 5  max 

Cobalt 

0  25  max 

Sulfur 

0.(110  max 

Tungsten 

(/  ’5  max 

Chromium 

41X1  4  25 

Copper 

0  10  max 

2.2.  Ion  implantation 

Samples  were  cut  from  M50  rods  of  diameter  in  with  a  silicon  carbide  cut-oil 
wheel  to  produce  "buttons”  |  in  tall.  One  end  of  the  button  was  polished  with  000 
grit  paper  and  given  a  final  mirror  finish  with  0.1  pm  y-alumina  polish.  I  he  samples 
were  then  degreased  in  acetone,  cleaned  in  detergent  solution  and  washed  in  distilled 
water.  The  dried  samples  were  then  ion  implanted  The  implantation  procedure  has 
been  outlined  in  ref  6.  The  fluences  and  energies  used  tire  given  in  Table  il 
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.Sum/>/e 

/o/| 

hlui'm e  OOi.s  cm  *1 

h.nerg  \  tkcY) 

Cr  (H  >S<)4) 

Cr 

2  >  lO1' 

1*0 

CrK’l  testl 

Cr 

1  5  »  ID' ' 

)5() 

Mo 

Mo 

5  -  10"' 

1(H) 

Ti 

It 

2  ■  10'  ' 

Ss 

Cr.  Mo 

Cr 

l  s  .  to' " 

150 

4  , 

Mo 

« 

s  «  111"’ 

1(X) 

* 

• 

« 

• 

*  . 

*  -  *  *  . 

lig  ^  Profiles  of  chromium  in  the  vhromtum- implanted  MsO  allot  ohi.u  net  I  In  I  si  \  uMn.t.iii'oii  ion 
etching  ^kcV  Cr  *  ions.#.  HP  ions v in  •  ’  ■  HP  nmvon  (mm  iaii.> 

f  igure  .1  shows  the  implant  distnhiilion  ol  chromium  in  \fsu  foi  fluences  ol 
10'  and  2-  10'  ions  cm  '  I  hese  profiles  weie  obtained  with  election 
spectroscopv  for  chemical  an.ilvsis ( I  S(  \l  using  aigon  ion  etching  i4  ke\  cuiieut. 
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20  pA;  base  pressure,  10  "  Torr)  Sensitivity  factors  relating  to  the  relative 
photoelectron  cross  section  of  (he  2p '  *  suborbitals  of  iron  and  chromium  were  used 
to  normalize  the  peak  heights  and  enable,  therefore,  a  semiquantitalive 
determination  of  the  concentrations  of  iron  and  chromium  in  the  surface  alloy  l  o 
account  for  the  incipient  chromium  in  the  M50.  a  plot  of  the  ratio  of  chromium  to 
iron  found  in  the  M50  is  plotted  with  the  profiles.  The  profiles  show  that  a  high 
concentration  of  chromium  (greater  than  20  at.",,)  is  achieved  in  the  first  few  hundred 
Angstroms.  Further  wank  to  determine  implant  distributions  is  being  carried  out 

3.3.  Anodic  polarization  studies 

2.J.I.  Active  passive  behavior 

Anodic  polarization  was  carried  out  in  hydrogen-saturated  1  N  sulfuric  acid 
solution  at  26  C  using  a  con-  -ntional  (free.  cell.  The  samples  were  masked  with 
epoxy  resin  to  prevent  attack  on  unimplanted  surfaces  All  potentials  were  recorded 
relative  to  the  saturated  calomel  electrode  (SCI-).  Removal  of  the  air-formed  film 
was  achieved  by  charging  at  -300  mV  below  the  open-circuit  potential  E,  for  10 
min.  Samples  were  then  allowed  to  stabilize  at  open-circuit.  This  usually  took 
approximately  5  min.  Anodic  scanning  then  followed  at  I  mV  s  1 

3.3.2.  /  avalized  breakdown  in  chloride  solution 

A  similar  procedure  was  carried  out  in  CH,COOH  (  H,C  ()()Na  solutions 
(also  hydrogen  saturated)  in  a  range  of  pH  from  4  to  6  to  determine  a  solution  pH 
where  M50  shows  an  extensive  passive  range.  A  solution  of  pH  6  nroduced  a  very 
small  active  range  and  an  extensive  range  of  passivity  To  this  solution  0. 1  M  Nat  l 
was  added  so  that  breakdown  potentials  due  to  localized  attack  by  chloride  ions, 
by  either  crevicing  or  jutting,  could  be  determined.  Anodic  sweeps  were  carried  out 
at  1  mV  s  1 .  The  surfaces  were  then  examined  by  optical  microscopy  or  scanning 
electron  microscopy  (SI: Ml. 

3  tu-stu  ts  and  DISCI  SSION 

The  polarization  curves  are  shown  in  figs  4  and  5  and  the  salient  features  ol  t  lie- 
anodic  kinetics  and  the  breakdown  potentials  lor  the  chloride  solution  are  given  in 
Table  III 

TABU  III 
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The  M 50  curve  shows  a  broad  acme  anodic  peak  which  is  characteristic  ot  the 
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Fig  4  Potentio-kinctic  anodic  polarizaiion  curves  produced  in  hydrogen-saturated  I  N  H;S(>4  for  MM) 
steel,  and  for  M50  steel  implanted  with  titanium,  chromium,  molybdenum  and  chromium  + 
molybdenum 


O  750 1 


•1  500 


10  10*'  10'  104  10'  10' 

CURRENT  DENSITY  <mA  « nvi 

Fig  5  Potentio-kinctic  anodic  polau/afion  curves  produced  in  a  buffer  solution  of  pH  b  containing  0  I 
M  NaCI  for  MM)  steel,  and  for  MM)  steel  implanted  with  titanium,  chromium,  molybdenum  and 
chromium  ♦  molybdenum 

limiting  current  behavior  usually  attributed  to  the  formation  of  an  ionic  diffusion 
layer  or  a  non-protectivc  salt  layer  In  the  case  of  M50  this  appears  as  a  black 
voluminous  deposit  This  film  remained  at  the  onset  of  passivity  At  around  +  470 
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mV  the  black  film  is  seen  to  breakdown  and  reform.  This  corresponds  to  a  small 
anodic  current  maximum  and  is  accompanied  by  a  reduction  in  the  passive  current 
density.  At  +  550  mV  an  increase  in  current  density  is  observed  which  terminates  at 
+  750  mV  in  a  stable  region  of  passivity.  The  transpassive  region  was  characterized 
by  oxygen  evolution  only.  No  evidence  of  chromium  dissolution  was  observed, 
which  may  indicate  that  the  chromium  in  M50  is  largely  tied  up 

Pure  titanium  is  known  to  be  active  in  deaerated  sulfuric  acid".  The  passive  film 
requires  both  oxygen  and  water  for  it  to  form.  When  alloyed  to  M50.  titanium 
appears  to  dominate  the  anodic  behavior  because  no  passive  range  was  observed 
Molybdenum  was  seen  to  alter  the  shape  of  the  active  peak  In  addition  to  this 
the  surface  remained  shining  up  to  +  125  mV.  when  black  spots  of  deposit  were 
observed  prior  to  the  sudden  formation  at  the  passive  potential  of  a  black  film  This 
film  eventually  failed  at  1250  mV,  prior  to  the  onset  of  oxygen  liberation.  In  the 
passive  region  molybdenum  was  seen  to  reduce  the  passive  current  density 

Chromium  was  found  to  reduce  the  critical  current  density  in  the  active  region 
by  nearly  one  order  of  magnitude.  The  shape  of  the  active  peak  was  similar  to  that  of 
M50.  The  surface  alloy  produced  a  single  passive  region  which  extended  up  lo  +  d75 
mV  where  chromium  dissolved  transpassively.  The  benefit  of  chromium  addition 
was  obvious  from  the  permanent  shining  surface  of  the  sample  prior  to  transpassive 
pitting. 

The  double-implanted  surface  alloy  of  chromium  and  molybdenum  produced  a 
single  passive  region  and  a  transpassive  peak,  effects  both  attributable  to  chromium. 
Again  the  shape  of  the  active  peak  was  broad.  However,  unlike  the  separate 
chromium  and  molybdenum  surface  alloys,  an  increase  in  the  Tafel  slope  for  active 
dissolution  was  observed  for  this  alloy.  This  produced  a  greater  reduction  in  the 
limiting  current  density  than  achieved  in  the  separate  chromium  and  moly  bdenum 
surface  alloys  Of  course  this  may  be  due  to  the  relative  dilution  of  iron  Surface 
analysis  of  these  alloys  will  soon  be  carried  out. 

.<’.2.  Anodic  polarization  in  (’ll  KCOOH  (  'll  x(  OO.Xa  bntlcrcd  ill  pll  (>  t  u.l  \l  SnCI 
It  can  be  seen  in  each  curve  that  alloying  removed  the  active  nose  observed  tor 
the  M5()  sample.  All  alloys  self-passivated  in  this  solution  Hie  passive  film  formed 
on  M50  in  this  solution  is  seen  to  break  down  rapidly  at  225  mV  In  every  case 
examined  the  surface  alloy  was  seen  not  only  to  form  a  passive  film  more  readily  at 
pH  6  but  also  to  produce  a  film  more  stable  to  chloride  ion  attack.  I  he  breakdown 
potentials  Eh  and  passive  current  densities  /r„  are  given  in  Table  III  It  can 
be  seen  from  the  breakdown  potentials  that  the  resistance  of  the  M5(>  surface 
decreased  according  to  the  alloying  elements  in  the  following  wav 
Cr.Mo  >  C’r  •»  Mo  •  Ti  >  M50  In  general  it  was  found  that  the  breakdown 
potential  observed  corresponded  to  crevice  corrosion  at  the  epoxy  resin  alloy 
interface  rather  than  to  pure  pitting  However,  pits  were  observed  in  all  hut  one  ol 
the  systems  studied  A  discrimination  between  pitting  potentials  and  crevice 
potentials  cannot  therefore  be  made  in  this  work  However,  the  experiments  do  give 
a  prelimmarv  guide  lo  the  resistance  to  chloride  ion  attack  ol  the  passive  films 
formed  by  the  surface  alloy  s  It  wax  observed  that  the  metal  epoxy  resin  interlace  ot 
chromium  surface  alloys  was  seriously  attacked  by  crevice  corrosion  and  bv  a  small 
number  of  pits  at  the  center  ( )nly  pits  were  observed  for  molybdenum  sui  lace  allovs. 
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1 e.  chromium  seemed  to  improve  the  resistance  to  pitting  and  molybdenum  pre¬ 
vented  crevice  corrosion  of  the  samples.  It  was  reasonable  to  expect  the  Cr.Mo 
double-implanted  surface  alloy  to  have  a  good  resistance  to  localized  corrosion  In¬ 
deed.  it  would  appear  that  (  r.  Mo  double  implantation  produced  the  surface  allov 
most  protective  against  localized  corrosion.  Two  curves  are  shown  for  the  Cr.  Mo 
surface  alloy  The  first  sample  did  not  break  down  until  -*1225  mV.  when  it  crevice 
corroded  at  a  region  of  the  epoxy  resin  surface  alloy  interlace  A  SUM  micrograph 
ot  this  attack  is  shown  in  Fig.  h  No  other  attack  was  observed  even  at  higher 
magnification.  It  was  noticed  that  minor  fluviuations  were  observed  in  the  current 
density  m  all  the  implanted  M50  samples.  probablv  due  to  rapid  breakdown  and 
repair  of  the  passive  film  It  is  interesting  to  note  that  the  lluct nation  m  the  passive 
density  becomes  more  rapid  at  about  *  625  mV  in  the  Cr. Mo  ill  surface  alloy, 
corresponding  tv'  a  second  passive  tilm  region.  In  case  till  breakdow  n  was  at  50  mV 
below  the  transition  to  the  second  passive  region  This  may  indicate  that  the 
irreprodiicibihty  lies  m  part  in  the  inability  of  sample  I II I  tv'  form  the  second 
modified  region  of  passmtv 


It  is  clear  I  v  ncccss.nv  to  v.inv  nut  mote  extensive  sutluce  unnlvsis  ol  these 
siirlace  allovs  belote  elevltoxhemk.il  anal'.sis  In  purliviilut  analvso  .>1  the  passive 
him  is  needed  ill  otdei  lo  m  lei  pi  el  the  obset  ved  am 'ilk  hcli.iv  mt 
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4.  CONCLUSIONS 

Single  high  fluence  (2  x  101'  ions  cm  ’)  implants  of  Cr’  ions  into  M50 
prevented  pitting  in  a  chloride-contaminated  oil  simulated  field  test. 

All  of  the  surface  alloys  produced  by  implantation  in  this  work  improved  the 
localized  corrosion  resistance.  The  order  of  resistance  to  localized  attack  is  given  bv 
Cr, Mo  >  Cr  >  Mo  >  Ti  >  M50. 

The  improvements  in  localized  corrosion  resistance  in  chloride  solutions  are 
caused  by  the  improved  resistance  to  chloride  ion  attack  of  the  passive  film  formed 
on  the  surface  of  M50  at  pH  6. 
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Refractive  index  profiles  and  range  distributions  of  silicon  implanted  with  high- 
energy  nitrogen 

G.  K.  Hubler,  P.  R.  Malmberg,  and  T.  P.  Smith,  III*1 
Naval  Pesearch  Laboratory.  Washington,  D  C.  203  75 

(Received  22  March  1979;  accepted  for  publication  7  June  1979) 

Single-crystal  silicon  has  been  implanted  with  nitrogen  ions  at  MeV  energies,  to  fluences  between 
0.25  X  10"  and  1.65  X  10"  ions/cm:  at  a  substrate  temperature  of  700'C.  Infrared  transmission 
and  reflection  spectra  in  the  range  of  1.25-40  jam  were  measured  and  interference  fringes  were 
observed  which  are  produced  by  the  interference  of  light  which  has  been  multiply  reflected 
between  the  front  surface  and  the  buried  layers.  By  detailed  theoretical  analyses  of  the 
interference  fringes  we  obtain  refractive-index  profiles,  which,  under  suitable  interpretation, 
provide  accurate  measurements  of  the  range  and  straggling  of  the  implanted  ions.  Rutherford 
backscattering  measurements  on  the  same  samples  confirm  this  interpretation.  Between  the 
energies  of  0.67  and  3.17  MeV,  the  measured  values  of  the  projected  range  agree  with  theory 
after  adjusting  the  electronic  stopping  power,  but  the  straggling  measurements  are  lower  by 
—  30%.  It  is  demonstrated  that  the  asymmetry  of  the  range  distribution  can  be  measured  with  this 
technique  as  well. 

PACS  numbers:  78.20.  -  e,  78.65. Jd,  61.80.Mk,  61.70.Tm 


I.  INTRODUCTION 

The  formation  of  silicon  nitride  by  high-fluence  implan¬ 
tation  of  nitrogen  into  silicon  has  been  reported  by  several 
authors.'-’  In  these  studies,  samples  were  implanted  at  low 
energies  (50-280  keV),  were  usually  implanted  with  the  sub¬ 
strate  at  room  temperature,  and  subsequent  annealing  steps 
were  used  to  promote  silicon  nitride  formation.  The  result¬ 
ing  layers  were  studied  by  means  of  infrared  absorption,"* 
Rutherford  backscattering/  optical  microscopy,*  ’  and  elec¬ 
tron  diffraction.1,1 

This  present  work  was  begun  with  the  intention  of  ex¬ 
tending  the  previous  studies  to  higher  beam  energies  (  — 2 
MeV).  The  higher  energies  were  chosen  to  produce  larger 
thicknesses  of  second-phase  material  which  would  simplify 
sample  preparation  and  increase  the  sensitivity  for  all  of  the 
techniqu  is  mentioned  above.  High  substrate  temperatures 
(  —  700  *C)  were  used  because  it  was  thought  that  the  high 
temperature  would  promote  silicon  nitride  formation  direct¬ 
ly,  without  subsequent  annealing. 

A  silicon  sample  was  implanted  with  1.5-MeV  nitrogen 
ions  to  a  fluence  of  1.25  x  10  "  ions/cm 1  at  a  substrate  tem¬ 
perature  of  700  *C.  The  infrared  (i-r)  transmission  spectrum 
of  this  sample  is  shown  in  Fig.  1 .  The  absorption  band  cen¬ 
tered  at  900  cm  1  is  strong  evidence  for  significant  silicon 
nitride  formation  and  has  been  observed  by  others. '"*  How¬ 
ever,  the  transmission  spectrum  also  reveals  large  amplitude 
oscillations  (30%  peak-to-valley)  between  the  wave  num¬ 
bers  of  —  1 500  and  4000  cm  1  which  are  the  result  of  the 
interference  of  light  multiply  reflected  between  the  front  sur¬ 
face  and  the  buried  implanted  layer.  At  wave  numbers  less 
than  —  1 500  cm  ',  the  dispersion  caused  by  silicon  nitride 
absorption  distorts  the  periodicity  and  amplitude  of  the  in¬ 
terference  fringes. 


"Present  address,  4443  Campus  Ave  #5,  San  Diego.  CA  92116. 
7147  j  Appl  Phys  50(11),  November  1079 


The  large  amplitude  fringes  indicated  that  the  refrac¬ 
tive  index  of  the  buried  layer  was  substantially  different  than 
that  of  pure  silicon.  It  was  decided  to  study  the  interference 
fringes  in  more  detail,  and  to  make  silicon  nitride  formation 
a  secondary  objective  Therefore,  questions  regarding  the 
microstructure  and  electrical  properties  of  the  implanted  ni¬ 
trogen  layers  will  not  be  addressed  here,  and  the  discussion 
of  ir  spectra  will  be  limited  to  wave  numbers  greater  than 
about  2000  cm  ',  where  it  can  be  assumed  that  dispersion 
caused  by  the  silicon  nitride  absorption  band  is  negligible. 

A  series  of  samples  were  implanted  with  N  ions  to 
fluences  between  2.5X  10 17  and  1.65  X  10'*  ions/cm7  and 
for  energies  betwen  0.67  and  3. 1 7  MeV.  The  refractive-index 
profiles  of  the  implanted  layers  were  determined  from  least- 
square  computer  fitting  of  the  interference  spectra.  The  fit¬ 
ting  function  was  a  Gaussian-shape  refractive-index  profile 
which  was  shown  to  mirror  the  nitrogen  concentration  pro¬ 
file  by  means  of  Rutherford  backscattering  measurements. 
Therefore,  the  results  of  the  computer  fits  were  expressed  as 
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FIG  I  Infrared  transmission  spectrum  of  unimplanted  silicon,  and  silicon 
implanted  with  I  25  x  10  ’"nitrogen  lons/cm  at  an  energy  of  I  5  MeV  The 
substrate  temperature  during  implantation  was  700  "C 
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1'ABl  l  I  Characteristics  of  implanted  layers  as  determined  by  computer  tits  to  the  i  i  spectra 
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the  nitrogen  i^n  projected  range  Rr .  and  straggling  ARr  fined  as  the  reciprocal  of  the  wavelength  in  units  of  cm  1 

Good  agreement  is  obtained  between  measured  Rr  values  and  is  proportional  to  the  light  frequency).  Since  phase  terms 
and  stopping  power  theory  when  the  electronic  stopping  entering  into  the  thm-film  interference  equations  are  of  the 

power  is  arbitrarily  adjusted  to  fit  the  data.  Values  of  ARr  form  exp<2 n  idL  ),  the  interference  fnnges  are  a  periodic 

for  the  adjusted  theory  are  about  40%  higher  than  the  mea-  function  of  wave  number  L. 

surements.  It  is  also  shown  that  the  interference  fringes  are  Kachare  et  al.  obtained  data  similar  to  that  of  Crowder 

sensitive  to  the  asymmetry  of  the  range  distribution  as  well  for  the  systems  nitrogen  and  phosphorous  implanted  into 
This  is  the  first  determination  of  implanted-ion  range  distri-  GaAs.  andGaP"  ,:andSpitzere/ti/.,4and  Hublere/u/.*  have 
l  utions  by  reflection  interference-fringe  analysis.  obtained  fnnges  for  phosphorus  and  silicon  implanted  into 

silicon.  Kachare  etui,  extended  the  interference-fringe  anal 
It.  BACKGROUND  ysis  further  by  fitting  a  fhm-film  interference  model  for  three 

Thin  film  interference  fringes  in  reflection  and  trans-  layers  to  the  data.  Layer  1  was  air,  layer  2  was  the  disordered 
mission  spectra  produced  by  ion  implantation  have  been  ob-  substrate,  and  layer  3  was  the  semi-infinite  crystalline  sub¬ 
served  in  both  the  visible*  and  infrared’  ’’  wavelength  re-  strate,  with  an  infinitely  thin  boundary  layer  between  (he 

gions.  Crowder  et  al.  used  the  spacing  between  fringe  crystalline  and  disordered  regions.  Good  fits  were  obtained 

maxima  and  minima  to  determine  the  depth  of  disordered  this  m°del  and  they  were  able  to  extract  the  thickness  of 

silicon  layers  produced  by  low-energy  (approximately  280  disordered  layer  and  its  refractive  index.  However,  the 

keV)  implants  of  Si,  P,  and  As  ions. '  In  that  experiment,  refractive  index  of  layer  3  required  to  give  these  fits  did  no! 

the  ion  fluence  was  sufficient  to  completely  disorder  silicon  a8rc*  w**h  the  refractive  index  of  crystalline  silicon.  The  au- 

from  the  front  surface  down  to  a  depth  corresponding  to  the  thors  attnbuted  this  to  the  possibility  that  the  data  were  sen- 

projected  range  of  the  implanted  ions.  The  fringes  anse  from  silive  to  the  fact  that  the  disorder-to-crystalline  interface  is 

interference  between  light  reflected  by  the  front  surface  and  not  abrupt.  but  changes  smoothly  between  ordered  and  dis¬ 

light  reflected  at  the  disorder-to-crystalline  interface.  The  ordered  material  over  a  finite  dimension.  This  suggestion 
latter  reflection  is  produced  by  the  discontinuity  in  the  re-  was  shown  to  be  correct  when  Hubler  et  al.'  connected  the 

fractive  index  since  the  refractive  index  of  disordered  silicon  disorder/crystalline  material  smoothly  with  a  half-Gaussian 

is  about  1 5%  greater  than  that  of  crystalline  silicon.1  For  refractive-index  shape  and  obtained  good  fits  to  i-r  reflection 

light  normally  incident  to  the  surface,  the  depth  d  of  the  data  for  phosphorus  and  silicon  implanted  silicon  and  for  a 

reflecting  interface  is  given  by  the  simple  expression  substrate  refractive  index  equal  to  that  of  silicon. 

In  the  work  reported  here  a  high  substrate  temperature 

d  -  J - ! - 1  (1)  was  used  during  implantation  which  maintained  the  silicon 

In  L:  ln  the  crystalline  state  down  to  the  depth  of  the  implanted 

where  n  is  the  refractive  index  of  disordered  silicon  and  L  nitrogen  ions.  Therefore,  the  fringes  in  Fig  1  are  due  to  re 

and  L}  are  the  wave  numbers  of  two  successive  fringe  maxi  flection  from  a  buned  layer  whose  index  of  refraction  has 

ma  or  minima.  (Per  usual  convention,  wave  number  is  de-  been  changed  from  that  of  pure  crystalline  silicon  in  contrast 
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to  the  data  of  C  rowder  eta!.,  Kachareera/.,  and  Hubler  el  al. 
which  represent  a  uniform  layer  out  to  the  surface.  Equation 
(1)  is  still  approximately  valid  to  estimate  the  depth  of  the 
implanted  ions  because  most  of  the  optical  path  is  through 
the  Si  cover  layer  and  the  width  of  the  buried  layer  is  small 
compared  to  its  depth. 


III.  EXPERIMENTAL  PROCEDURES 

Implantations  were  carried  out  on  the  NRL  5-M  V  Van 
de  Graaff  accelerator  al  six  particle  energies  between  Obi 
and  _VI7MeV  into  the  (111)  faceof0.38-mm-thick  float- 
zone  single  crystals  of  silicon.  The  silicon  was  10-/2  cm  resis¬ 
tivity, p-type,  and  electropolished  by  the  manufacturer  leav¬ 
ing  a  mirror  finish  on  both  sides  The  conditions  for  these 
implants  may  be  found  in  Table  I.  Because  the  molecular 
N ,'  beam  was  more  abundant  than  the  monatomic,  the  mo¬ 
lecular  beam  was  used  for  all  energies  except  the  3. 1 7-MeV 
implant  (where  accelerator  voltage  limitations  made  use  of 
the  N  ’  ion  beam  necessary).  Samples  were  heated  by  the 
power  in  the  ion  beam  ( =  5- 1 5  W)  Heat  loss  was  controlled 
by  varying  the  heat  shielding  For  low  power  the  sample  was 
almost  completely  wrapped  with  two  layers  of  0  035-mm 
tantalum  except  for  a  window  for  the  beam,  whereas  at  high 
power  there  was  minimal  heat  shielding  Adjustment  of  tem¬ 
perature  for  each  shielding  condition  was  done  by  varying 
the  beam  current.  The  temperature  was  judged  by  observing 
the  color  of  the  samples  through  a  window  and  maintaining 
it  at  a  medium  red  which  should  be  about  at  700-800  C." 
One  direct  optical  pyrometer  measurement  was  made  and 
agreed  well  with  700  *C. 

The  beam  was  scanned  at  10  kHz  horizontally  and  100 
Hz  vertically  by  means  of  electrostatic  deflection  plates.  This 
produced  good  lateral  uniformity  of  fluence  over  the  im¬ 
planted  area  The  size  of  the  surfaces  implanted  with  nitro¬ 
gen  varied  between  0.4  and  1 .0  cm :  Beam  current  collected 
on  the  target  holder  was  integrated  for  fluence  determina¬ 
tions  with  an  accuracy  of  ±  5%  and  the  samples  were  im¬ 
planted  at  a  7*  tilt  angle  to  minimize  effects  of  channeling 
Prevention  of  contamination  of  the  target  surface  during 
prolonged  implantations  was  achieved  with  the  heating  of 
the  target,  a  vacuum  of  10  *  Torr,  and  a  liquid  nitrogen 

cold  trap  near  the  target.  Normally  it  was  impossible  to  de¬ 
termine  the  position  of  the  implanted  area  on  the  sample 
surface  by  visual  observation. 

Infrared  transmission  and  reflection  measurements 
were  made  by  means  of  a  Beckman  IR-20AX  double-beam 
spectrometer  for  frequencies  between  600  and  4000  wave 
numbers.  This  spectrometer  was  purged  of  water  vapor  and 
CO,  by  circulating  room  air  through  columns  of  activated 
alumina.  For  frequencies  between  4000  and  8000  wave  num¬ 
bers,  a  Beckman  IR-4  double-beam  spectrometer  was  used. 
The  quoted  accuracy  of  these  instruments  is  ±  1%  in  abso¬ 
lute  transmission,  and  the  reproducibility  is  ±  0.2%. 

For  reflection  measurements  a  specular  reflection  at¬ 
tachment  was  employed  which  had  a  fixed  angle  of  incidence 
to  the  sample  normal  of  20*.  A  front  surface  Al  mirror  pro¬ 
vided  the  100%  reflection  standard  To  obtain  the  absolute 
reflection  R  from  the  sample,  the  reflection  from  the  mirror 


was  taken  to  be  that  of  an  aged  high-vacuum  evaporated  Al 
film." 

IV.  THEORETICAL  MODEL  AND  DATA  ANALYSIS 

As  discussed  in  the  introduction,  the  substrate  implant 
temperature  of  700  "C  is  well  above  the  temperature  for  rap¬ 
id  regrowth  of  disordered  silicon,  which  is  about  600  *C. 
Therefore,  we  expect  that  there  will  be  a  crystalline  cover 
layer  extending  from  the  surface  down  to  the  buried  nitrogen 
layer.  This  was  confirmed  by  a  glancing-angle  electron-dif¬ 
fraction  measurement  on  one  implanted  sample  which  re¬ 
vealed  a  (111)  oriented  single-crystal  surface. 

Also  from  results  previously  mentioned,  we  know  that 
silicon  nitride  absorption  bands  are  created  in  the  buried 
layer.  Since  the  index  of  refraction  of  Si,  N4  is  less  than  Si, 
we  may  expect  to  find  the  effective  refractive  index  of  the 
buried  layer  less  than  Si.  Therefore,  the  i-r  reflection  and 
transmission  spectra  were  computed  assuming  a  model  simi¬ 
lar  to  the  3-layer  model  of  Kachare  (layer  1  was  crystalline 
silicon,  layer  2  was  silicon  nitride,  and  layer  3  was  crystalline 
silicon)  This  model  proved  to  be  inadequate  because  no 
physically  reasonable  set  of  parameters  could  be  found 
which  reproduced  the  data  in  Fig.  1, 

Since  the  implanted  N  profile  is  predicted  to  be  Gaus¬ 
sian  in  shape,  it  might  be  assumed  that  the  refractive-index 
profile  is  likewise  a  Gaussian.  Direct  analytical  calculation 
of  results  to  be  expected  from  such  a  Gaussian  distribution 
did  not  appear  practical,  and  therefore  an  approximate 
method  was  necessary.  Accordingly,  a  computer  code  was 
written  to  allow  the  calculation  of  interference  at  normal 
incidence  in  reflection  (R  )  and  transmission  (T)  from  multi¬ 
layer  thin  films  using  the  expressions  of  Heavens.'0  This  code 
calculates  R  and  l  from  an  arbitrary  number  of  layers,  the 
only  inputs  being  the  indices  of  refraction  n/ ,  extinction  coef¬ 
ficients  ,  and  layer  thicknesses  Z,  for  a  total  of  /  layers. 

The  calculations  are  performed  for  the  wave-number 
region  greater  than  2000  cm  1  where  it  can  be  assumed  that 
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FIG  2  The  upper  half  is  ■  schematic  representation  of  the  multilayer  inter- 
ference  model  which  approximates  the  refractive-index  profile  shown  in  the 
lower  half  of  the  figure 


7149  J  Appl  Phyx.Vc'  50,  No  tl.NovomDnf  1979 


Hublpr.  Matmbprg.  and  Smith.  Ill  7149 


105 


1 


all  k,  —  0.  The  variation  with  wave  number  of  the  index  of 
refraction  of  the  substrate  n,  was  included  in  the  model  by 
fitting  the  data  of  Salzberg  and  Villa'1  to  a  Cauchy  equation 
with  the  result 


n,  — 


4.1476  + 


5.8876  x  10" 
(27  673)-  -  L  ' 


(2) 


This  reproduces  the  experimental  silicon  refractive  index  as 
a  function  of  frequency  to  better  than  three  decimal  places 
Figure  2  indicates  some  details  of  the  input  information  of 
the  calculations.  As  shown  in  the  lower  portion  the  index  of 
refraction  is  characterized  by  the  three  parameters:  R,, .  the 
distance  to  the  peak  of  the  Gaussian;  d  Rr ,  the  standard  devi¬ 
ation  of  th-  Gaussian;  and  n(Rr ),  the  refractive  index  at  the 
Gaussian  peak.  Asa  practical  matter  for  the  calculation,  the 
Gaussian  is  truncated  in  the  wings  at  k  standard  deviations. 
This  refractive-index  profile  is  approximated  by  dividing  the 
implanted  region  into  many  uniform  layers  of  equal  thick¬ 
ness  Z,  =  i5z,  but  with  different  indices  of  refraction  as  deter¬ 
mined  by  the  Gaussian  distribution.  Thus,  the  quantities  n 
in  the  implanted  region  are  taken  as 


=  »,  -  [".  ~  )J 

-  kARp  +  Sz(J 


Xexpi 


M- 


ARn 


)] 


(3) 


Convergence  tests  have  shown  that  R  and  T are  calculated  to 
better  than  0  1%  accuracy  if  *r  =  4  and  8z  <  d/t^/IO.  Thus, 
about  80  layers  are  required  to  approximate  the  Gaussian. 

This  model  was  used  as  the  fitting  function  to  a  nonlin¬ 
ear  least-squares  fitting  code  to  determine  the  parameters 
Rp  ,AR„ ,  and  n(Rr ).  The  results  of  a  fit  are  illustrated  in  Fig 
3.  (This  sample  had  the  back  surface  lapped  to  eliminate  rear 
surface  reflections  and  had  been  annealed  at  1000  "C  for  1  h 
in  a  partial  pressure  of  oxygen  followed  by  an  HF  wash  ) 
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FIG  3  Reflectivity  of  silicon  implanted  with  I  VMeV  nitrogen  ion*  to  a 
fluence  of  l  25  \  10  ’*  tona/cm  •’  The  substrate  temperature  during  implan 
tation  was  700  *C  and  was  annealed  after  implantation  at  1000  *C  for  l  h  in  a 
partial  pressure  of  oxygen  The  oxide  was  removed  by  an  HF  acid  wash  and 
the  rear  surface  was  lapped  toeliminate  rear  surface  reflections  The  smooth 
curve  is  the  result  of  fitting  the  data  to  the  model  described  in  the  test  The 
fitting  function  was  the  refractive  index  profile  shown  in  the  insert 
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FIG  4  Variations  in  interferenie-fnnge  amplitudes  and  phases  caused  b> 
deviations  in  the  parameters  away  from  the  parameter  set  [Rf  -  2  0pm. 
n(/?r)  -  2  0.  and  ARr  -  0  1  pm)  (a)  Rr  -  0  I  pm  (b)  mRf)  +04 

(c)  ARr  ~  }  0.03  pm 


The  quality  of  the  fit  shown  in  Fig.  3  is  very  good  and 
the  insert  shows  the  refractive-index  profile  computed  from 
the  best  fit  parameters  (This  is  sample  8b  in  Table  I)  For 
computer  fits  to  reflectivity  data,  the  fitted  Rr  value  must  be 
corrected  for  the  small  optical-path  difference  between  the 
computed  0’  and  the  actual  20"  angle  of  incidence  6.  to  the 
surface  normal  imposed  by  the  reflection  attachment  on  the 
i-r  spectrometer.  For  small  angles  this  correction  takes  the 
form 


n.R* 


(nj  —  sin;0V  : 


(4) 


and  its  value  appears  in  parentheses  below  Rr  in  Table  I 

To  calculate  i-r  reflection  or  transmission  for  samples 
polished  on  both  sides,  the  method  of  Beming  was  employed 
which  sums  the  rear  surface  reflections  incoherently  with 
those  of  the  front  surface  layers  to  eliminate  interference 
with  the  rear  surface  reflections.1'  The  interference  fringes 
caused  by  front  surface-rear  surface  reflections  do  not  ap¬ 
pear  in  our  experimental  specira  because  the  frequency  reso¬ 
lution  of  the  spectrometer  was  adjusted  to  be  greater  than  the 
fringe  spacing 

it  is  instructive  to  ask  what  features  of  the  data  each  of 
the  three  fitting  parameters  are  sensitive  to  Figure  4  shows 
the  computer  generated  i-r  transmission  spectra  for  vari¬ 
ations  around  the  parameter  values  Rr  2  0  j/rn, 

ARr  -  0  I  fim.  and  n(Rr )  =  2  0  In  Fig  4(a)  th..  change 
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Uti  *>  Inframl  li.tnsmiv.nm  .tmi  u*(Uvc.nuc  ol  mIkoii  implanted  with 
t  P-MeV  nitrogen  iokn  ti*  a  flucncc  of  I  5*»  *  W'ioiis  cm'  Ihe  substrate 
temperature  during  implantation  was  7W)  V  lhc  solid  curves  au  «.uk  w'.al- 
ed  tits  using  a  nnxlel  which  assumes  a  Gaussian  shape  lor  the  lelractive 
mdev  changes  in  the  implanted  laver 

induced  by  reducing  Rr  by  0.1  //m  is  shown.  It  is  apparent 
that  the  phase  of  the  fringe  pattern  is  very  sensitive  to  R  . . 
and  the  fringe  spacing  is  also  changed  This  is  useful  infor¬ 
mation  in  that  it  provides  an  estimate  of  the  sensitivity  of  this 
method  to  the  parameters  involved  1  or  example,  we  calcu¬ 
late  that  a  change  m  R  ,  of  ♦  10  nm  increases  chi  square  by  a 
factor  of  2  and  produces  a  phase  shift  with  respect  to  the 
data  A  conservative  estimate  of  the  precision  of  this  param¬ 
eter  is  +  15  nm.  Similarly,  big  4(b)  slums  the  generated  i-r 
spectra  for  an  increase  in  n{R  )  of  0.4  and  in  !;ig.  4(c)  the 
spectra  for  changes  of  ♦  30  nm  in  A R  We  estimate  the 
precision  of  these  parameters  to  be  *  0.06  and  *  10  nm. 
respectively  In  any  fitting  procedure  it  is  desirable  to  have 
nominally  independent  features  in  the  data  controlled  bv 
different  parameters  This  model  approaches  this  state  of 
affairs  m  that  m  big  4  it  is  seen  that  the  fringe  spacing  and 
phase  are  chiefly  controlled  by  R.,  the  fringe  amplitude  bv 
n[Rr  ).  and  the  modulation  of  the  fringe  amplitude  by  AR 
One  test  of  the  model  is  to  tit  reflection  and  transmis¬ 
sion  data  from  the  same  sample,  and  require  that  R  and  fat 
all  I’tequencics  sum  to  1.0,  and  require  that  the  nonlinear 
least -squares  fits  yield  the  same  values  of  the  parameters  R  . 
J Rr,  and  n{Rr )  Figure  5  presents  the  results  of  such  a  test 
for  a  sample  ( lOa.b.  Table  I)  implanted  to  a  flucncc  of 
I  55  *  10  ‘"/em  at  an  energy  of  3  1 7  MeV  l  hc  values  in 
Table  I  for  the  fitted  parameters  show  excellent  agreement  in 
A Rr.  n{R  ).  and  Rr  after  correcting  for  the  20“  angle  of 
incidence  by  means  of  bq  (4)  Note  in  big  5  the  phase  shift 
belweeen  R  and  T  that  arises  from  the  20"  angle  of  incidence 
of  the  reflection  attachment 

As  a  further  check  on  the  optical-range  measurement 
method,  a  sample  was  subjected  to  Rutherford  backscattet 
mg  (RMS)  analysis  using  2  '♦-MeV  .r  particles  scattered  at  an 
angle  of  165  Figure  6  shows  the  backseat lered  energy  spec 
trum  obtained  from  this  sample  which  was  implanted  at  1  4 
MeV  in  a  flucncc  ot  6  •  hi  mils  uti  (sample  6.  I  able  1 1 


The  detected  particles  have  been  scattered  from  the  silicon 
1  he  presence  of  implanted  nitrogen  is  revealed  by  a  de¬ 
creased  signal,  and  an  inverted  nitrogen  profile  is  directly 
evident  m  the  data  Sufficient  nitrogen  has  been  introduced 
so  that  measurements  extracted  from  these  data  must  be  cor¬ 
rected  for  t lie  added  energy  losses  m  the  baekscaltered  beam 
due  to  the  nitrogen  The  corrected  value  gives  Rr  1.72/im 
and  AR  0  10 /nil,  m  good  agreement  with  the  i-r  method 
Similar  RBS  spectra  on  samples  annealed  at  KXX)  V  for  I  h 
m  vacuum  indicate  that  no  redistribution  of  nitrogen  occurs 
Th#*  agrees  with  the  i-r  data  for  sample  S  which  show  that, 
within  errors.  AR  .  and  n\R  .  )do  not  change  upon  annealing 

V.  RESULTS  AND  DISCUSSION 

In  big  7  we  present  the  i-r  transmission  data  for  six 
samples  implanted  with  nitrogen  ions  at  7(X)  V  to  different 
fluenecs  and  energies  The  points  represent  data  and  the 
smooth  curves  are  the  result  of  fitting  the  data  to  the  model 
described  m  Sec  IV  1  he  least  -squares  adjusted  curves  are  m 
excellent  agreement  with  the  data  Note  that  the  spacing  of 
the  fringe  maxima  and  minima  decreases  as  the  implanted 
ion  energy  increases,  as  one  would  expect  as  the  depth  of  the 
reflecting  layer  increases  Also,  thv  peak -to-v alley  amplitude 
of  the  fringes  grow  m  a  regular  fashion  as  the  ion  flucncc 
increases,  indicating  that  the  refractive  index  of  the  buried 
layer  is  reduced  more  and  more  below  that  of  silicon 

Table  l  summarizes  the  results  of  all  the  computer  tits 
including  the  fits  to  the  i-r  spectra  in  Figs  3.5.  and  7  for  two 
of  the  samples,  the  normalization  of  the  data  was  unavailable 
and  an  additional  normalization  parameter  Fhad  to  be  in¬ 
cluded  m  the  fits  The  parameter  was  a  constant  multiplying 
the  calculated  R  and  its  value  is  indicated  in  Table  I  For  the 
sample  implanted  at  0  S3  MeV.  ARr  and  n(Rr  )  were  fixed, 
and  only  R  was  varied  since  a  portion  of  the  surface  had 
spalled  off  The  model  would  not  be  expected  to  apply  in  this 
cast,  except  as  regards  R  ,  bxpcnnientally.  we  observe  that 
spallation  will  occm  when  the  local  atomic  concentration  of 
nitrogen  exceeds  about  60 at  r'< .  w  hich  corresponds  to  about 
the  concentration  of  nitrogen  m  crystalline  Si,  N4 

Returning  to  Fable  I.  note  that  Rr  decreases  as  the 
flucncc  increases  for  the  implant  energies  0.67.1  4.  and  3  1 1 
MeV'.  This  trend,  appearing  as  it  docs  in  all  cases  where 
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FIG  7  Infrared  transmission  spectra  of  nitrogen  implanted  silicon  The 
smooth  curves  are  the  result  of  fitting  the  data  to  a  model  described  in  the 
teat. 

fluence  dependent  dala  were  taken,  is  suggestive  of  the  re¬ 
moval  of  surface  atoms  by  sputtering.  The  fluence  depen¬ 
dence  of  implanted  depth  is  the  net  result  of  three  processes; 
(i),  the  removal  of  surface  atoms  by  sputtering,  (ii),  the  lat¬ 
tice  expansion  caused  by  the  addition  of  the  implanted  nitro¬ 
gen.  and  (iii)  progressively  reduced  penetration  of  the  nitro¬ 
gen  due  to  the  formation  of  the  silicon  nitride  which  has  a 
somewhat  higher  stopping  power  than  silicon  Calculations 
using  a  simplified  model  indicate  that  the  third  process 
(which  reduces  measured  depth)  is  a  smaller  effect  than  the 
second  process  (which  increases  it).  Thus,  if  the  differences 
due  to  the  fluence  are  taken  at  face  value,  sputtering  is  the 
predominant  effect. 

The  area  of  each  Gaussian  determined  from  the  param¬ 
eters  ARr  and  n(Rr )  in  Table  I  is  plotted  ;n  Fig.  8  versus 
fluence  The  area  is  proportional  to  the  change  in  optical 
path  through  the  buried  layer  from  that  of  crystalline  silicon. 
Different  energy  implants  are  noted  by  different  symbols 
The  data  points  are  well  represented  by  a  straight  line  indi¬ 
cating  that  the  magnitude  of  the  change  in  optical-path 
length  is  directly  proportional  to  the  nitrogen  fluence  It  is 
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HU  K  Area  under  Gaussian  refractive- index  profile  [area  a  n(R  . )  »  ARt  j 
as  a  function  of  fluence  for  several  different  nitrogen  implantation  energies 
The  area  is  proportional  to  the  change  m  optical  path  through  (he  buiitc 
layer  from  that  of  crystalline  silicon 

also  interesting  to  note  that  the  peak  refractive  indexes  for 
ihe  highest  fluences  (samples  7.8.  and  10)  correspond  close)) 
to  the  refractive  index  of  crystalline  Si,  N4  which  is  2  0 

The  data  in  Table  1  provide  precision  measurements  of 
Rr  and  J Rr ,  the  first  and  second  moments  of  the  range 
distribution  of  implanted  nitrogen  in  silicon  Figures  d  and 
10  show  a  comparison  of  these  data  w  ith  the  tabulations  of 
Johnson  and  Gibbons  (JG),  '  Northchff  and  Schilling 
(NS).>  and  Gibbons,  Johnson,  and  Mylroie  (GJM)  "  The 
experimental  range  values  in  Fig.  9  fall  well  below  all  the 
table  values  This  is  to  be  expected  in  the  light  of  Z{  (projec¬ 
tile)  oscillations  in  the  electronic  stopping  power  '"  The  elec¬ 
tronic  stopping  power  for  nitrogen  in  silicon  is  near  a  maxi¬ 
mum  in  the  Zx  oscillations,  thus  reducing  the  nitrogen 


FIG  Fxpenmrntal  projected  range  measurements  for  nitrogen  ion  im 
planted  into  silicon  as  a  function  of  energy  compared  to  tabulated  tange 
values  from  Gibbons.  Johnson,  and  Mylroie  (GJM).  Johnson  and  Gibbons. 
|JG  (A  0  2>).  Northdiff  and  Schilling  (NS),  and  adjusted  Johnson  and 
Gibbons,  [JG  (A'  -  0  26))  The  i-r  and  RBS  points  are  from  this  work,  the 
(/>.))  point  is  from  the  data  of  (  and  rial .  and  the  A  FOR  l  points  are  from 
the  data  Roosild  ft  ol 
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FIG  10  Experimental  range  straggling  measurements  for  nitrogen  ions 
implanted  into  silicon  as  a  function  of  energy  compared  to  the  tabulated 
straggling  values  from  Gibbons,  Johnson.  Mylroie  tGJM).  Johnson  and 
Gibbons  [JG  (A'  ■  0  2)].  and  adjusted  Johnson  and  Gibbons  (JG  (A 
-  0.26)]  The  i-r  and  RBS  points  are  from  this  work  and  the  (gr.j )  point  is 
from  Land  er  at 


range.  The  large  discrepancy  between  the  range  tables  and 
experimental  ranges  for  low  Z  ions  in  silicon  has  been  noted 
by  others.'*  Also  included  in  Fig  <)  are  range  measurements 
by  Roosild  era/.  (AFCRL)  utilizing  a  staining  technique,'  a 
range  measurement  performed  by  Land  <’/  a/  (NSW'C)  by 
means  of  the  (p,y)  resonance  profiling  technique.1'  and  the 
RBS  measurement  mentioned  previously  The  latter  two 
values  agree  well  with  the  i-r  range  measurements  and  the 
other  four  values  agree  within  the  specified  measurement 
errors. 

The  curve  labeled  JG  (A  =  0.20)  is  the  predicted  pro¬ 
jected  range  from  the  JG  tables  which  uses  the  LSS  estimate 
of  the  electronic  stopping  parameter  A'  in  the  expression 

d(/dp  =  AV  '  (5) 

where  f  and  p  are  the  LSS  reduced  energy  and  range  varia¬ 
bles.  respectively.  '■  The  A'  was  arbitrarily  adjusted  by  mak¬ 
ing  a  one  parameter  fit  of  LSS  theory  to  the  i-r  projected 
range  data  1  The  curve  labelled  JG  (A"  =  0.26)  is  the  calcu¬ 
lated  projected  range  for  this  adjusted  A"  value  and  agrees 
well  with  the  i-r  data 

Figure  10  presents  the  i-r  measurements  of  d Rr  along 
with  the  tabulated  values  from  GJM  and  JG.  The  LSS  the¬ 
ory.  with  the  electronic  stopping  parameter  adjusted 
(JG.A  =  0.26),  is  40%  higher  than  the  i-r  data  indicate.  This 
difference  implies  that  the  atomic  collision  cross  section  for 
the  nitrogen  in  silicon  system  has  been  overestimated  by  the 
Thomas-Fermi  atomic  model  used  in  LSS  theory  to  compute 
the  slowing  down  contribution  from  nuclear  stopping.  This 
is  consistent  with  measurements  by  Grob  el  al.  which  show 
that  LSS  theory  overestimates  the  nuclear  stopping  contri¬ 
bution  for  nitrogen  in  silicon  by  as  much  as  50%  for  nitrogen 
energies  below  1  MeV.'‘  The  point  labelled  NSWC  (p,y)  is 
from  Land  et  at.  ”  The  RBS  data  point  (corrected  for  strag¬ 
gling  of  the  nr  particle  beam)  is  in  agreement  with  the  i-r  data 

The  large  changes  observed  in  the  implanted  layer  re¬ 
fractive  index  appear  to  be  associated  with  changes  in  densi¬ 
ty  and  polarizability  A  simple  mode!  to  predict  the  param- 
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eter  n(R„ )  may  be  constructed  by  assuming  the  buried  layer 
is  a  mixture  of  Si,  (Si ,  N, ).  Then  the  Lorentz-Lorentz 
equation," 

7i  *  -  1  M  4;r  Aa 

— r — r  —  =  - •  to) 

n  +  2  p  3  f„ 

may  be  used  to  compute  n{R,  ),  where/)  is  the  density,  M  is 
the  effective  molecular  w  eight,  a  is  the  polarizability  of  the 
mixture,  A  is  Avogadro’s  number,  and  f .  is  the  dielectric 
constant  of  space  For  the  density  at  Rr  w  e  assume  a  linear 
increase  between/)  =  2-Jg/cm  ‘for  Si  top  -  3.1  g/cm  for 
Si,N4  for  nitrogen  concentrations  between  0  and  60%,  re- 
■  -actively.  The  nitrogen  concentration  at  R  is  computed 
from  the  measured  ARr  and  fluence,  or  from  RBS  measure¬ 
ments,  where  applicable  The  polarizabilities  are  taken  as 
1  3  -.  10  *  cm  ’  per  atom  for  Si,N4  and  3.7  v  10 

cm  '  for  St  The  polarizability  of  the  mixture  is  taken  as  the 
sum  of  these  two  polarizabilities  weighted  by  the  value  r 
andv  The  results  of  these  calculations  are  presented  in  Tabu 
I  There  is  good  agrement  with  experiment  throughout  the 
range  of  energies  and  fluences  investigated 

In  Sec  IV.  features  in  the  interference  fringes  were  dis¬ 
cussed  in  terms  of  independence  of  the  fitting  parameters 
R.  ,  J  Rr  and  n(Rr )  These  three  parameters  characterize 
the  data  well  in  the  wavelength  region  between  2.5  and  5  0 
pm  (4000-  2000  cm  ').  In  this  region  the  wavelength  of  the 
light  w  ithin  silicon  ranges  between  about  0.7- 1.5 pm.  These 
wavelengths  are  somewhat  greater  than  the  dimensions  of 
the  buried  nitrogen  layer  (eg  .  ~2\ARr  -  0.2pm)  so  that 
the  interference  effects  are  sensitive  chiefly  to  the  maximum 
index  change  and  the  optical  path  through  the  layer  rather 
than  to  the  detailed  profile  of  the  buried  layer  This  must  be 
the  case  since  for  the  data  in  Figs  3.5,  and  7  there  is  little 
room  for  improvement  in  the  quality  of  the  fits  and  addition¬ 
al  model  parameters  would  not  be  meaningful  (Some  sensi¬ 
tivity  to  the  refractive-index  gradient  in  the  implanted  region 
is  maintained  at  these  wavelengths  since  the  simple  3-layer 
model  discussed  in  Sec.  II  did  not  reproduce  the  data  )  Thus, 
in  an  empirical  sense,  the  interference  fringes  in  this  frequen¬ 
cy  region  are  primarily  sensitive  to  the  first  and  second  mo¬ 
ments  of  the  nitrogen  range  distribution  However,  at  small¬ 
er  wavelengths,  it  may  be  anticipated  that  the  fringes  will 
become  more  sensitive  to  details  in  the  shape  of  the  concen¬ 
tration  profile,  and  thus  additional  parameters  may  be 
needed  1 

To  test  this  possibility  an  i-r  transmission  spectrum  was 
measured  for  sample  1  in  the  wavelength  region  1.25-4  pm 
and  is  shown  as  the  data  points  in  Fig.  1 1  Now  the  wave¬ 
length  of  light  inside  silicon  varies  between  0.36  and  12  pm 
and  at  the  smaller  value  is  approaching  the  dimensions  of  the 
width  of  the  buried  layer.  The  dashed  line  is  a  three-param¬ 
eter  fit  (lb.  Table  1)  performed  in  identical  fashion  with  the 
previous  fits  but  for  data  between  the  frequencies  2000-8000 
cm  ' .  The  solid  line  is  the  result  of  adding  one  parameter  to 
the  model  wherein  the  Gaussian  refractive-index  profile  is 
allowed  to  have  different  standard  deviations  on  either  side 
of  the  centroid  (1c.  Table  1).  This  fit  results  in  a  large  im¬ 
provement  over  the  three-parameter  fit  The  nitrogen  con¬ 
centration  profile  obtained  from  the  parameters  of  this  fit  is 
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i* Hi  1 1  I  tutiMiiivtum  mitogen  implanted  silicon  bfi*a’ii  I  »'  and  '  0 
/tin  in  tlu*  mli  . iu-il  The  closed  circles  art*  data  and  ihc  dashed  curse  is  a 
calculated  fit  to  a  symmetric  Gaussian  refractive  index  prohle  The  solid 
line  is  a  til  to  a  Gaussian  refractive-index  profile  with  diflereni  standard 
deviations  on  eithei  side  of  the  centroid  Shown  hi  the  insert  is  the  nitrogen 
concentration  profile  obtained  fri»m  the  skewed  Gju.vmjm  tit 


shown  in  the  insert  of  Fig  1 1.  Note  the  pronounced  asym¬ 
metry  of  the  profile  toward  the  surface.  F'xanuning  the  KHS 
spectrum  in  Fig  6  one  can  detect  the  asymmetry  in  this  pro¬ 
file  as  well  winch  supports  the  i-r  data  result  As  a  self-con¬ 
sistency  check  on  the  data  analysis  we  observe  that  the  effec¬ 
tive  optical  path  of  the  asymmetric  profile  (fit  ic)  is  equal 
w  if hin  errors  to  the  optica)  path  of  the  symmetric  profile  (tit 
la)  To  illustrate  this  we  note  that  the  integrated  areas  under 
each  profile  are  equal  to  within  8<’< .  and  the  median  of  the 
symmetric  profile  of  I  I0t>/i  ni  agrees  well  with  the  median  of 
the  asy  metric  profile  of  1.103  /im.  The  value  of  Rr  in  Fable  I 
tot  sample  1c  is  the  depth  of  maximum  concentration  where 
the  two  half-Oaussians  are  joined  and  therefore  is  not  the 
first  moment  of  the  range  distribution 

The  detection  limit  of  the  i-r  technique  is  estimated  to 
be  about  0  7  \  10  '  N;  cm  (  -  b  at /T  nitrogen  peak  concen¬ 
tration)  for  samples  with  the  rear  surface  abraded  This  limit 
corresponds  to  a  2^  peak -to- valley  interference-fringe  am¬ 
plitude  and  a  change  in  the  refractive  index  of  4  0.0b  Fhe 
minimum  detectable  change  in  the  refractive  index  is  rela¬ 
tively  independent  of  the  refractive  index  of  the  substrate 
The  minimum  depth  which  can  be  profiled  in  Si  is  approxi¬ 
mately  0  15  which  is  equivalent  to  1/2  fringe  appearing 
between  2000  and  8000  wave  numbers.  The  i-r  refractive- 
index  profiling  method  should  be  applicable  to  other  in¬ 
frared  transmitting  materials  as  well,  provided  the  impurity 
gives  rise  to  an  absolute  refractive-index  change  greater  than 
0.06. 

VI.  SUMMARY 

Interference  fringes  observed  in  infrared  transmission 
and  reflectance  spectra  of  nitrogen  implanted  silicon  sam¬ 
ples  for  the  frequencies  between  2000  and  8000  cm  1  are 
caused  by  substantial  refractive-index  changes  in  the  burial 
implanted  layer  Refractive-index  pmfiles  of  the  implanted 
sm  laces  can  be  determined  by  computer  fitting  the  interfet  - 
etue  spectra  to  an  approximate  model  based  on  mubilayer 


ihm-lilm  interference  equations 

Ihc  shape  of  reft  active- index  profiles  obtained  m  this 
mannei  arc  identical  to  the  shape  of  tlu  implanted  nitrogen 
profiles  within  the  etrois  of  the  measurements 

Computet  tits  of  a  thm-lilm  interference  model  to  ex 
penmental  infrared  spectra  in  the  frequency  range  of  2000 
4(X JOcm  yield  precise  measurements  of 'the  piojecled 
range  (  •  l‘'i  error)  and  straggling  ( KP'i  emu)  of  the  im 
planted  ni(r<>gen  ions,  and  the  method  is  noiulestuiclive 
Analysis  of  the  infrared  spectra  over  an  expanded  frequency 
range  (2(XX>  8(XK)cm  1 )  yields  a  measurement  of  the  asy  m 
metry  of  the  range  distribution  as  well 

Measured  projected  ranges  and  straggling  f  the  im¬ 
planted  nitrogen  ions  m  silicon  between  the  energies  oi'O  o" 
and  3  17  MeV  are  substantially  smaller  than  predictions  of 
I.SS  theory.  Atomic  shell  effects  account  for  most  of  this 
discrepancy,  but  a  modification  of  the  atomic  collision  cross 
section  is  m  order  to  bring  theory  and  experiment  into  good 
agreement 

Fhe  magnitude  of  the  refractive  index  change  is  consis¬ 
tent  with  a  model  that  assumes  the  formation  of  silicon  ni¬ 
tride  in  the  implanted  layer  m  an  amount  directly  propor¬ 
tional  to  the  local  nitrogen  concentration 
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Refractive-index  measurements  are  given  for  amorphous  Si  produced  by  ion 
implantation  Reflection  interference  measurements  in  the  frequency  range  250  5  v  5 
7600  cm  were  made  for  several  Si  samples  implanted  with  P-ion  fluences  between 
1  Ox  10"  and  lOx  10"  ions/cm  and  ion  energies  between  0.20  and  2.7  MeV  and  for  Si 
implants  of  10  <  10'“  and  3.0x10'"  ions/cm:  and  an  ion  energy  of  0  30  MeV.  The 
interference  measurements  were  computer  analyzed  by  using  a  model  in  which  the 
damaged  layer  has  a  refractive  index  nu  and  extinction  coefficient  kD,  and  the  substrate 
has  a  refractive  index  n  and  k  =  0  The  optical  constants  of  the  two  regions  are 
smoothly  connected  by  a  transition  region  approximated  by  a  half-Gaussian  curve  of 
standard  deviation  rr„.  The  finite-width  transition  region  is  necessary  for  fitting  the 
data  Excellent  fits  are  obtained  for  literature  values  of  n,  and  k„  with  the  chi-square 
being  ~  10  \  The  value  of  ku  has  little  efTect  on  the  analysis.  Within  the  experimental 
accuracy  a  single  curve  for  n„(v)  is  obtained  for  the  amorphous  region  where  n„(v)  is 
independent  of  the  ion  type,  ion  energy,  ion  fluence,  or  position  in  the  amorphous  layer. 

The  thicknesses  of  the  damaged  layers  deduced  from  the  infrared  data  agree  well  with 
LSS  values  for  Rr  +  arr  and  with  channeling  results.  Visual  observations  of  the 
thicknesses  also  agree  well  for  the  high-energy  implants  but  not  for  the  lower-energy 
ones 

PACS  numbers:  61  80  Jh,  78  20  Dj.  61  70.Tm.  78.65  Jd 


I.  INTRODUCTION 

When  silicon  is  implanted  with  a  sufficiently  large 
fluence  of  ions, the  implanted  region  becomes  highly  disor¬ 
dered  and  has  been  characterized  as  amorphous  ' '  A  variety 
of  techniques  have  been  used  to  study  the  disorder  and  its 
efTect  on  the  physical  properties  of  both  implanted  material 
and  grown  amorphous  layers  These  techniques  include  x- 
ray  diffraction  and  electron  microscopy,'  '  optical  absorp¬ 
tion, ’’  '  ion  channeling,1  ’  Coates-Kikuchi  lines,1  physical  ap¬ 
pearance  (color),' 1  electron  paramagnetic  resonance,1  -  and 
infrared  refractive  indices  The  present  study  consists  prt- 
mari.y  of  the  determination  of  changes  in  the  refractive  in¬ 
dex  of  Si  produced  by  high-fluence  implantations,  and  it  is, 
in  large  part,  an  extension  of  some  earlier  investigations  of 
the  effects  of  ion  implantation  on  the  optical  properties  of 
GaAs  "  "  and  GaP. "  '* 


A  series  of  Si  samples  were  implanted  with  either  Sr  or 
P"  ions  to  fluences  ranging  from  10'*  to  I  O' '  ions/cm’.  Phos¬ 
phorus  ions  were  implanted  at  energies  of  200  ke  V,  300  keV, 
and  2.7  MeV,  silicon  ions  were  implanted  at  an  energy  of  300 
keV  The  reflection  of  infrared  radiation  from  the  implanted 
surface  was  measured  for  the  frequency  range  250  -7600 
cm  1  The  reflection  spectrum  consists  of  an  interference 
fringe  pattern  produced  by  the  interference  of  light  multiply 
reflected  between  the  front  surface  and  the  interface  between 
the  disordered  and  crystalline  materials  The  refractive  in¬ 
dex  of  the  disordered  material  was  determined  from  least- 
squares  computer  fitting  of  the  interference  spectra  The  fit¬ 
ting  program  utilized  the  multilayer  thin-film  expressions  of 
Heavens,11  and  it  was  found  necessary  to  include  a  smooth 
matching  of  the  refractive  index  of  the  disordered  lay-r  to 
that  of  crystalline  substrate  The  measured  absorption  of 
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TABLE  1  Summary  of  implant  condition*  and  "best-fit*'  parameters. 


Si 

Sample 

Ion 

Energy 

(keV) 

Fluence 
( 10“  cm  ') 

Temp 

(*K) 

Ro 

(^m) 

°D 

(/im) 

X' 

(MO’) 

500  cm 

it  r  i  ( v ) 

4000  cm 

7  500  cm 

78-6  1 

P 

2700 

1  74 

200 

2.52 

0.041 

0  83 

3  82 

3  87 

400 

2.52 

0.053 

1  05 

0 

3  82 

3.87 

400 

78-7 

P 

2700 

l  74 

200 

2  54 

0.035 

I  69 

*w 

3  80 

3  84 

3  96 

2.54 

0.047 

1  95 

0 

3  81 

3  85 

3  97 

75-1* 

P 

2700 

64 

—  30U 

... 

75-2 

P 

2700 

6.4 

-  300 

2.54 

0036 

243 

0 

3  73 

3  76 

3  86 

75-3* 

P 

2700 

6.4 

-300 

78-8 

P* 

2700 

10.0 

200 

261 

0.032 

2.23 

3.77 

3  82 

3  95 

2.61 

0.046 

1  68 

0 

3  77 

3  82 

3  9S 

76-3 

P 

300 

1.0 

—  300 

0.507 

0.037 

0  69 

0 

3  79 

3  84 

3  98 

764 

P- 

300 

1.0 

-.300 

0  506 

0.035 

0.61 

0 

3  78 

3  83 

3  98 

77-1 

P 

300 

3.0 

-  300 

0.551 

0  044 

093 

0 

3  81 

3  86 

4  03 

77-2 

P 

100 

3.0 

-300 

0  549 

0.045 

0.74 

0 

3  81 

3  86 

4  02 

0.143 

<0.01  *• 

3  53 

3  56 

3  62 

76-1* 

S»* 

300 

JO 

—  300 

0.531 

0.057 

0  82 

0 

3  81 

3  86 

4  02 

76-2 

Si- 

300 

1.0 

-.300 

0  569 

0040 

1  05 

0 

3  80 

3  84 

3  98 

77-3 

Sr 

300 

3.0 

-  300 

0.611 

0.038 

0.81 

ku 

3  80 

3  84 

3  9t> 

0612 

0  041 

0  75 

0 

3  80 

3  84 

3  9t, 

774 

Sr 

300 

3  0 

-  300 

0624 

0.030 

0  57 

0 

3  76 

3  80 

3  91 

77-5 

P* 

200 

l  0 

-300 

0.407 

<0.01,> 

1  54 

*« 

3  75 

3  78 

3  8t> 

0.408 

<0.01 

1  41 

0 

3  7? 

3  78 

3  86 

77-6 

P 

200 

10 

-  300 

0.407 

<001h 

1  03 

0 

3  76 

3  79 

3  86 

76-5 

None 

3  42 

3  44 

3  50 

J Double- layered  sample  ''See  text  for  discussion 


amorphous  sputtered  silicon  was  also  included  where  signifi¬ 
cant  Thus,  the  results  of  the  fitting  process  include  the 
thickness  of  the  disorder  region  and  the  width  of  the  transi¬ 
tion  region  as  well  as  the  frequency-dependent  index  of  re¬ 
ft  action  of  the  disordered  material 

The  refractive  index  of  the  disordered  layer  is  shown  to 
be  insensitive  to  the  implantation  parameters  for  the  fluence 
range  investigated.  In  a  number  of  cases  the  layer  thick¬ 
nesses  are  compared  to  those  obtained  from  channeling  mea¬ 
surements,  changes  in  physical  appearance,  and  projected 
range  calculations. 

II.  EXPERIMENTAL  PROCEDURES 

A  series  of  samples  were  cut  from  four  (1 1  Ij-oriented 
wafers  of  high-resistivity  (^>  >  10’  O  cm)  single-crystal  sili¬ 
con.  The  wafers  were  adjacent  slices  from  the  same  ingot 
The  samples  used  in  this  study  were  implanted  at  three  dif¬ 
ferent  laboratories  so  that  implant  conditions  were  not  ex¬ 
actly  the  same  for  all  samples.  In  each  case,  however,  the 
samples  were  implanted  at  an  angle  of  approximately  8’  from 
the  surface  normal  to  minimize  range  straggling  due  to  ion 
channeling. 

The  low-energy  (200  -300  keV)  Si'  and  P'  implanta¬ 
tions  (samples  76-1-76-4  and  77-1-77-6  of  Table  I)"  were 
done  with  the  samples  heat  sunk  to  a  room-temperature 
mount.  The  ion  beam  was  raster  scanned  in  both  the  hori¬ 
zontal  and  vertical  directions  to  ensure  lateral  uniformity  of 
the  ion  fluence. 

The  initial  high-energy  implants  P-  and  2.7  MeV)  uti¬ 
lized  a  defocused  ion  beam  and  heat  sinking  to  a  water- 
cooled  mount.  The  interference  pattern  observed  from  two 
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(75-1  and  75-3)  of  the  three  Si  samples  had  structure  in  the 
fringe  amplitude  indicating  that  the  implanted  material  w  as 
optically  a  double  layer  This  was  confirmed  by  lon-channel- 
ing  measurements  of  one  of  the  samples  which  showed  lhat 
there  was  a  thin  lightly  damaged  crystalline  layer  on  the 
surface  followed  by  a  heavily  disordered  region.  The  GaAs 
and  GaP  samples  implanted  under  the  same  conditions  were 
also  found  to  have  double  layers  in  the  implanted  regions 

Subsequent  attempts  to  produce  single-lay  er  high-ener¬ 
gy  implants  in  Si  demonstrated  that  close  temperature  con¬ 
trol  of  the  samples  was  essential.  Inadequate  thermal  contact 
ora  high  beam  flux  resulted  in  a  crystalline  cover  layer  and  a 


f  Ki  I  Fnergv  depovfmn  per  uncf  thickness  resulting  fr<»m  nuclear  d's 
placements  versus  depth  for  P‘  ions  of  incident  energy  MX)  keV  and  2  ' 
MeV  r  rejected  ranges  for  the  P  -ion  distributions  are  indicated 
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buried  disordered  layer.  These  double-layer  samples  were 
easily  identified  with  ir  reflection  measurements  [see  Fig. 
2(c)].  The  other  samples  used  in  this  study  (78-6-78-8)  were 
implan  ed  witu  the  samples  secured  to  a  mount  maintained 
at  200  "K  by  means  of  a  thin  layer  of  high-vacuum  grease  to 
provide  thermal  contact  The  tot  beam  was  raster  scanned 
and  the  incident  flux  was  limited  to0.6yu  A/cm'. 

The  implant  conditions  from  each  sample  are  specified 
in  Table  1  In  most  cases  the  implantations  were  done  with 
paired  samples  to  provide  a  backup  sample  and  to  permit 
reproducibility  comparisons.  In  all  cases  except  two,  which 
will  be  discussed,  the  results  from  similarly  implanted  sam¬ 
ples  were  essentially  identical 

The  infrared  reflection  measurements  were  made  at 
room  temperature  by  using  a  dry-nitrogen  purged  single¬ 
beam  spectrometer  in  which  the  energy  reflected  from  the 
sample  was  compared  to  that  reflected  from  a  high-quality 
front-surface  Al  mirror.  To  obtain  the  absolute  reflection  R 
from  the  sample,  the  reflection  from  the  mirror  was  taken  to 
be  that  of  an  aged  hiph-vacuum-evaporated  Al  film.1'  The 
reflection  was  measured  with  the  beam  at  near  normal  inci¬ 
dent  to  the  implant'd  surface.  The  opposite  surface  of  the 
sample  was  coarse  lapped  to  eliminate  multiple  reflections 
between  the  front  and  rear  surfaces 
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The  thickness  of  the  disordered  layer(s)  of  several  sam¬ 
ples  was  measured  by  means  of  the  channeling-effect  tech¬ 
nique  by  using  the  facilities  and  methods  of  the  group  at  the 
California  Institute  of  Technology  '  *  To  obtain  a  measure¬ 
ment  of  the  thickness  of  the  layer  having  a  different  visual 
appearance,  a  region  near  one  edge  of  the  implanted  surface 
was  beveled  at  an  angle  of  20  mrad  (50  l)b>  using  a  chemi¬ 
cal  polish  to  expose  the  implant-substrate  interface  A  mi¬ 
croscope  was  used  to  determine  the  width  of  the  “while" 
layer  and  the  bevel  angle  was  measured  with  an 
interferometer. 

III.  DISCUSSION 

Before  presenting  the  experimental  results,  it  will  be 
helpful  to  discuss  some  features  ot  the  results  and  of  the 
model  which  has  been  developed  to  analyze  the  data 

It  is  well  known  that  the  displacement  damage  pro¬ 
duced  during  ion  implantation  is  concentrated  near  the  end 
of  the  range  of  the  ions.  The  spatial  variation  of  damage 
increases  as  the  energy  of  the  ion  is  increased:  this  is  illustrat¬ 
ed  in  Fig  1  in  which  we  present  calculations  of  the  damage 
profile  produced  by  500-keV  and  2  7-MeV  P-  ions  in  Si  “  For 
the  fluences  utilized  in  this  study  (  >  10“  mns/cm:)  the  ex¬ 
periments  indicate  that  there  is  a  disordered  region  having 
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umform  dielectric  properties  extending  from  the  surface  to  a 
depth  corresponding  approximately  to  Rr  t  of.  v  ’’  This  in¬ 
dicates  that  the  disorder  has  saturated.  Previous  stud,  s  indi¬ 
cate  that  the  "amorphous  region"  starts  in  the  region  of 
greatest  damage  and  propagates  in  both  directions.'  For  the 
Alienees  studied  here  the  saturation  region  has  reached  the 
surface.  Confirmation  of  the  damage  saturation  was  pro¬ 
vided  by  the  particle-channeling  measurements  which 
showed  that  the  particles  backscattering  from  the  damaged 
region  with  the  incident  beam  aligned  along  the  original 
\  1 1 1  s  axis  was  the  same  as  that  from  a  raudiTmlt  oriented  St 
crystal.  The  data  presented  in  the  next  Sec.  IV  show  that  the 
depth  of  the  heavily  disordered  region  increases  with  fluencc 
as  expected 

Shown  in  Fig.  2  are  three  interference  spectra — the  first 
(Fig.  2(a)]  is  from  300-keV  P*  ions,  the  second  (Fig.  2(b)]  is 
from  2.7-MeV  P*  tons,  and  the  third  [Fig  2(c)]  is  also  from 
2.7-MeV  P'  ions.  The  third  illustrates  the  "structure"  that 
can  occur  when  there  is  an  optical  double  layer  in  the  disor¬ 
dered  region.  The  lowei  dashed  lines  in  Figs.  2(a)  and  2(b) 
indicate  the  reflection  that  would  be  measured  from  an  un¬ 
damaged  Si -air  interface  calculated  from  the  equation 

*  c .  :v- 

w  ith  n  ,  the  index  of  refraction  of  crystalline  Si  "  The 
central  dashed -dot  lines  indicate  the  reflection  that  would  be 
obi. lined  from  Fq  (1)  for  a  disordered  Si-air  interface  with 
n  n,t .  the  value  for  the  damaged  layer  If  the  damaged 
layer  is  nonabsoi  hntg,  the  dielectric  properties  of  the  disor¬ 
dered  layer  are  uniform,  the  change  hi  the  index  of  refraction 
«, )  is  much  less  than  nn ,  and  the  interface  between 
the  damaged  region  and  the  crxstallmc  substrate  is  sharp 
compared  to  the  shortest  wavelength  used,  then  the  interfer¬ 
ence  spectra  consist  of  fringes  that  oscillate  about  the  reflec¬ 
tion  due  lo  n„  \\  ith  a  minimum  reflection  equal  to  that  from 
The  amplitudes  of  the  fringes  in  Figs.  2(a)  and  2(b)  are 
consistent  with  this  simple  model  at  low  frequencies,  but  the 
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amplitudes  of  the  high-frequency  fringes  are  reduced  in  both 
cases 

Two  mechanisms  that  could  be  responsible  for  the  de¬ 
crease  m  amplitude  of  the  high-frequency  fringes  are  as  fol¬ 
lows:  (i)  absorption  w  hich  increases  w  ith  frequency  and  (it)  a 
transition  region  between  the  damaged  layer  and  the  sub¬ 
strate  in  w  hich  the  index  of  refraction  varies  smoothly 

Comparison  of  Figs.  2(a)  and  2(b)  shows  that  the  de¬ 
crease  in  fringe  amplitude  is  essentially  the  same  for  300-keV 
and  2.7-MeV  implants.  The  thickness  of  the  damaged  layer 
for  the  2.7-MeV  implant  is  -5.5  times  that  for  the  300-keV 
implant,  so  that  an  extinction  coefficient  k  (v)  that  fits  the 
2.7-MeV  data  would  predict  very  little  decrease  in  amplitude 
for  a  300-keV  implant  The  extinction  coefficient  k  has  been 
measured  for  amorphous  sputtered  Si  by  Brodsky  et  a/..‘  ■*' 
and  the  measured  k  (v)  predicts  a  much  smaller  decrease  in 
amplitude  of  the  high-frequency  fringes  than  is  observed 
even  for  the  2  7-MeV  implanted  sample.  This  is  illustrated  in 
Fig  3  in  which  the  measured  reflections  for  300-keV  and  2  7- 
MeV  implants  are  compared  with  predictions  for  a  sharp 
interface  with  k  --  0  and  with  k  equal  to  Brodsky's  experi¬ 
mental  values 

This  result  is  consistent  with  the  earlier  analyses  of  the 
liaAs  and  CiaP  interference  spectra  since  the  decrease  in 
amplitude  of  the  fringes  in  these  earlier  studies  could  not  be 
fitted  when  measured  values  of  A  were  used  for  these  materi¬ 
als  1  In  these  earlier  analyses,  which  assumed  sharp  dielec¬ 
tric  discontinuities.  the  amplitude  of  the  fringes  was  titled  by 
varying  the  cflcctive  value  of  the  index  of  refraction  of  the 
substrate  at  the  interface  The  values  for  the  effective  refrac¬ 
tive  index  obtained  in  this  way  were  intermediate  between 
the  literature  values  for  n,  and  the  index  of  refraction  of  the 
damaged  layers 

If  there  is  a  transition  region  in  w  hich  the  index  of  re¬ 
fraction  changes  smoothly  with  depth,  the  amplitude  of  the 
reflected  wave  decreases  as  the  wavelength  approaches  the 
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dimensions  of  the  transition  region.  The  decrease  in  ampli¬ 
tude  does  not  depend  upon  the  depth  of  the  implant  but  only 
upon  the  width  of  the  transition  region.  To  describe  the  dis¬ 
ordered  layer  and  the  transition  region,  a  computer  axle  was 
written  which  calculates  the  reflection  R  at  normal  inci¬ 
dence  from  the  thm-fthn  interference  equations  of  Heav¬ 
ens/'  Ibis  code  computes  R  for  an  arbitrary  number  oflay- 
ers  has  mg  indices  of  refraction  nt ,  extinction  coefficients  kt . 
and  layer  thicknesses  Jr  F.xcept  where  double  layers  were 
indicated  In  amplitude  modulation  of  the  interference  pat¬ 
tern.  the  disordered  region  was  taken  as  one  uniform  layer  of 
index  nn  and  thickness  r,.  Because  the  back  surfaces  of  the 
samples  were  coarse  lapped,  the  substrate  was  taken  to  be  an 
infinitely  thick  layer  of  index  n,  The  transition  region  was 
approximated  by  .V  layers  of  equal  thickness  Jr  with  nt  given 
by  a  half-Gaussian  distribution  of  the  form 

nt  n%  t  {n„  fljcxpl  (r,  r,)V2<rj,  |,  (2) 

where  z  r,  \  ( j  \  )Jr  and  is  the  standard  deviation. 
The  extinction  coefficient  k  is  zero  in  the  substrate  and  was 


assumed  to  have  the  same  spatial  dependence  as  n,,.  with 

*,--*/>(»  )  ex p(  (r;  z,)*7  2tr},  |.  (.1) 

Figure  4  is  a  schematic  representation  of  the  model.  The 
depth  of  the  disordered  region  R ,}  was  taken  as  the  half- 
maxin\um  posinonon  the  Ciaussian.  or  R,}  r,  i  1.177 
The  total  width  of  the  transition  region  was  set  equal  10  4^,, 

In  initial  testing  of  the  program  it  was  found  that  the 
results  comergcd  for  V  -  20  All  of  the  tits  presented  m  this 
paper  are  for  .V  40  layers  in  the  transition  region  The 
effect  of  the  transition  w  idth  on  the  amplitude  of  the  high- 
frequency  fringes  js  illustrated  in  Fig  5  for  k  0, 
nn  3.45.  R n  2.5/nn.  and  otl  0.025.0  05. 

and  0.1  fim.  Comparison  with  the  data  presented  in  Fig  2 
indicates  that  a  a,,  -  005  // m  is  appropriate. 

The  data  presented  in  Fig  2  also  indicate  that  the  reflec¬ 
tion  R  increases  at  high  frequencies  due  to  the  increase  m 
n(v)  Ihe  indices  of  refraction  for  both  the  disordered  and 
substrate  regions  were  represented  by  a  Sellmeier  equation  of 
the  form 

where  A .  B.  and  //  are  constants,  and  i  is  the  frequency  in 
mills  of  cm  The  constants  for  the  substrate  were  deter¬ 
mined  by  a  nonlinear  least-squares  til  of  Kq  (4)  to  Ihe  values 
of  n(\ )  lor  crystalline  silicon  measured  by  Salt /berg  and  Vil¬ 
la  with  the  result  that  4,  4  147b./;,  5X87b-10‘cm 

and//,  2747}  cm’ 

Assuming  n,  to  he  given  by  Kq  (4)  and  the  above  con¬ 
stants.  A,  0 at  all  tneasuted  frequencies,  and  A,,  deter¬ 
mined  by  absorption  measurements,  then  the  model  incor¬ 
porates  live  adjustable  parameters:  R„.  the  depth  of  the 
disordered  layer;  <i„.  the  "width”  of  the  transition  region, 
A,,,  B„,  and  //,, ,  which  characterize  the  refractive  index  of 
the  disordered  region  The  experimental  reflection  data  were 
titled  w  ith  the  model  by  using  a  nonlinear  least-squares  com¬ 
puter  code  which  adjusted  the  values  of  selected  parameters 
to  minimize  the  reduced  chi-square  fit. 


C=  I 


(K,„ 


\  -  S’ 
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FIG  6  Data  for  sample  78-fc  with  (he  sol¬ 
id  curve  being  ihe  best  calculated  fit  see 
parameter  values  in  Table  I  The  dashed 
and  doited  curves  are  for  u„  k  „  0 

ando,,  0.  ktt  k  (measured,  from  Ref 
7),  respectively 
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where  <V  is  the  number  of  data  points  and  IV p  is  the  number  of 
parameters  varied.  The  number  of  data  points  used  in  each 
analysis  was  -  100.  In  the  fitting  of  the  data  it  was  found  the 
quantities  a(),  B„,  and  /2n  could  be  simultaneously  varied 
over  a  considerable  range  while  maintaining  a  good  fit  to  the 
data;  however,  the  values  of  nD(v).  RD.  and  an  were  well 
defined.  Consequently,  the  results  are  given  in  terms  of 
«„(•').  Rif  and 

IV.  EXPERIMENTAL  RESULTS  AND  ANALYSES 

A  summary  of  implant  conditions  is  presented  in  Table 
I  Samples  75-1-75-3  were  implanted  with  a  defocused  ion 
beam;  all  others  were  raster  scanned.  Samples  78-6-78-8 
were  implanted  at  200  *K;  all  others  were  implanted  at  room 
temperature.  The  fluences  ranged  from  1.0X  10"  to 
10.0  x  10"  ions/cm’. 

In  all  of  the  analyses  which  follow  where  k„  of  the 
amorphous  region  was  not  set  equal  to  zero,  we  have  used  the 
measurements  of  Brodsky  el  at.  for  the  k  for  amorphous 
sputtered  Si.’ "  These  measurements  can  be  simply  repre¬ 
sented  by  the  expression  kD  =  cv*  with  c  =  5.939  X  10  " 
cm*.  We  have  also  measured  the  extinction  coefficient  for 
two  Si  samples  implanted  with  2. 7-MeV  P'  ions  and  obtained 
values  of  kp  approximately  20%  less  than  that  obtained  by 
Brodsky  el  al.  for  sputtered  Si.  This  difference  is  not  consid¬ 
ered  to  be  significant  and  has  essentially  no  effect  on  the 
calculations. 

In  Fig.  6  the  experimental  results  for  sample  78-6  im¬ 
planted  with  2  7-MeV  P'  are  compared  with  the  best-fit  cal¬ 
culation  (solid  curve)  w  hich  utilized  the  measured  values  of 
Ihe  extinction  coefficient  kn .  The  w  idth  of  the  transition 
region  iso,,  0.041 /rm.  If  A ,,  is  set  equal  to  zero,  the  best - 
fit  calculation  is  indistinguishable  from  the  solid  curve  al¬ 


though  the  reduced  y  ’  fit  increases  slightly  from  0.83  •  10  ' 
to  1  05  x  10  ‘  and  the  width  of  the  transition  region  increases 
to  o D  =  0  053/im.  Also  shown  for  comparison  is  the  dashed 
curve  for  a  sharp  transition  (an  -  0)  and  for  no  absorption 
( kjy  —  0).  The  dotted  curve  presents  the  results  of  a  calcula¬ 
tion  for  a  sharp  transition  {(7t)  0)  and  kn  given  by  the 

measurements  of  Brodsky  i’(  al.  It  is  clear  that  the  measured 
decrease  in  the  amplitude  of  the  high-frequency  fringes  is 
greater  than  that  which  can  be  attributed  to  absorption  and 
that  it  is  necessary  to  include  a  transition  region 

Referring  back  to  Figs.  2(a)  and  2(b).  the  dashed  line  is 
the  predicted  reflectivity  R  fora  nonimplanted  Si  sample 
calculated  from  the  values  of  n,  measured  by  Saltzberg  and 
Villa.”  Measurements  of  nonimplanted  samples  were  fre¬ 
quently  repeated  to  serve  as  a  check  of  the  reproducibility  of 
our  measurements.  These  tests  agreed  well  with  the  comput¬ 
ed  R  and  indicated  that  R  could  be  determined  w  ith  an  accu¬ 
racy  of  ±  0.005,  which  corresponds  to  an  accuracy  of  n  of 
±  0.05. 

The  measured  reflection  R  for  sample  77-1  implanted 
with  300-keV  P'  ions  is  compared  with  the  best-fit  calcula¬ 
tion  (solid  curve)  in  Fig.  7.  The  measured  kn  was  included 
and  o)y  -  0.044/jm  was  obtained  When  kn  w  as  set  equal  to 
zero,  a  best  fit  was  obtained  for  essentially  identical  param¬ 
eters.  The  reason  for  this  result  is  made  clear  by  the  compari¬ 
son  of  the  dashed  and  dotted  curves  in  Fig  7  I  he  dashed 
curve  is  for  0  and  kn  0:  the  dotted  curve  is  for 

(Tn  0  and  k n  -  k  M .  the  measured  value  We  see  that  the 
absorption  has  almost  no  effect  m  reducing  the  fringe  ampli¬ 
tude  at  high  frequencies  This  result  is  expected  because  the 
thickness  of  the  300-keV  implants  is  -  5  5  times  less  than 
that  of  the  2. 7-MeV  implants,  and  even  in  the  thicker  layer. 


iz  (cm  ’) 


KK*  7  Data  for  sample  77  (with  the  sol 
id  curve  being  the  best  calx  ulated  lit  see 
parameter  values  in  table  l  The  dashed 
and  dotted  curves  arc  lot  k  ,,  0 

and 0,  kf,  k  (measured,  from  Ket 
7>.  respectively 
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FKi  8  Kcfrui'lnr  nulc\  nn  \cr%us  lif- 
qurnc>  for  a  number  of  implanted  sam¬ 
ples  Also  show  n  are  the  curves  lor  a  sp-it 
tered  film  tsee  Ref  and  cr>sullmc  Si 
(.see  Ref  22) 


the  measured  values  of  A  „  do  not  account  for  the  decrease  in 
the  high-frequency  fringe  amplitude 

Referring  to  I  able  I,  we  observe  that  the  values  of  <r„ 
obtained  lor  A,,  f  0  are  less  than  those  obtained  for  A,,  0. 

Except  for  three  entries  for  which  ir„  is  indicated  as  being 
less  than  0.01  /mi.  we  see  that  the  w  idth  of  the  transition  is 
independent  of  ion  species  (P‘  or  Sr),  energy,  and  fluence. 
The  mean  value  of  <r„  0  0.' 5  t  O.tKN 

There  are  three  entries  in  fable  1  where  a  sharp  transi¬ 
tion  (<r„  -0)  between  regions  m  the  implanted  sample  is 
indicated.  Sample  7b- 1  is  double-layered  in  the  implanted 
region.  I  he  measured  reflection  spectrum  clearly  shows  the 
beating  patterns  in  the  interference  pattern  produced  by 
multilayered  samples.  I  east-squares  fitting  of  the  experi¬ 
mental  results  indicates  that  there  is  a  lightly  damaged  sur¬ 
face  layer  ol  thickness  0  14.'  /mi  and  a  heavily  damaged 
buried  layer  ol  thickness  O  .'SHy/ni.  The  w  idth  of  the  transi¬ 
tion  region  between  the  lightly  damaged  layer  and  the  heav¬ 
ily  damaged  layer  is  essentially  zero  (<r„  .  0.01  /mi),  the 
W  idth  of  the  transition  region  between  the  heavily  damaged 
region  and  the  substrate  crystalline  material  is  typically 
i’h  0.052/im 

Samples  77-5  and  77-6,  the  two  200-keV  P'  implants,  do 
not  indicate  double  layers,  but  the  interfaces  between  the 
damaged  regions  and  the  substrate  are  also  sharp 
(On  c  0  01).  These  two  samples  were  implanted  simulta¬ 
neously  at  room  temperature,  and  we  believe  that  the  sharp 
interface  is  the  result  of  some  heating  and  partial  annealing 
during  the  implant.  This  conclusion  is  based  on  the  results  of 
annealing  studies  which  we  are  preparing  for  publication 
These  studies  indicate  that  the  first  change  observed  in  an- 
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nealing  at  500  ’C  is  an  increase  in  the  amplitude  of  the  high- 
frequency  fringes  due  to  a  reduction  in  the  w  idth  <r„  of  the 
transition  region  between  the  damaged  and  undamaged  Si 
(Annealing  effects  at  lower  temperatures  have  not  been  in¬ 
vestigated.)  In  addition,  we  note  that  the  indices  of  refrac¬ 
tion  for  theO  143-pm-thick  surface  layer  of  sample  76-1  are 
closer  to  those  of  crystalline  Si  than  to  those  of  heavily  da 
niaged  Si  The  n„  values  for  the  200-keV  samples  (77-5  and 
77-b)  are  both  on  the  low  side  but  they  are  not  outside  the 
expected  range  of  n,,  values  due  to  uncertainties  in  R 

In  Pig.  8  we  present  the  indices  of  refraction  for  crystal¬ 
line  Si,"'  the  indices  for  sputtered  amorphous  Si  films,  and 
the  indices  for  highly  damaged  Si  obtained  from  fitting  the 
reflection  measurements  from  the  indicated  samples  The 
curves  chosen  for  display  were  those  representing  the  ex¬ 
treme  changes  in  the  indices  of  refraction  and  include  data 
from  P'  implants  at  200,  300,  and  2700  keV  and  Sr  implants 
at  300  keV  In  comparing  the  present  results  w  ith  the  indices 
of  sputtered  Si  it  is  important  to  note  that  the  accuracy  as¬ 
cribed  to  these  latter  measurements  is  -  10*7 .  so  that  these 
measurements  agree  within  the  quoted  errors  with  the  pre¬ 
sent  measurements. 

In  1  able  I  the  indices  ol  refraction  for  each  calculation 
are  given  at  i  sm).  41XX).  and  351X10111  Perusal  of  I  able  I 
and  log  8  indicates  that  there  are  no  discernible  tu-iuls  m 
variation  ol  the  indices  of  refraction  with  ion  species,  eneigy . 
or  fluence.  instead,  the  variations  m  n,t  ap/H'.ii  lo  be  those 
associated  with  the  experimental  accuracy  of  the  idled  ion 
measurements 

Assuming  that  the  variations  in  the  calculated  values  ol 
n,,  are  due  to  the  unceit.iiiiiiies  m  the  measurement  of  R.  we 
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have  determined  the  index  of  refraction  of  highly  damaged 
(amorphous)  Si  by  taking  the  average  of  all  our  measure¬ 
ments  at  a  given  frequency.  The  results  of  this  averaging  are 
presented  in  Table  II.  and  the  quoted  error  is  the  standard 
deviation.  These  data  can  be  represented  by  Eq  (4)  with  the 
parameters  A „  -  7.03,  R„  -  2 .64  \  10  cm  .  and 
il,y  -  18  860  cm 

In  Table  III  we  present  a  comparison  of  the  various 
measurements  of  the  thicknesses  of  the  damaged  region  Rr 
and  1 7  are  the  projected  range  and  straggling,  respectively, 
calculated  from  l.SS'4  theory  for  Si;  R„  and<r„  are  the  depth 
and  transition  w  idth,  respectively,  of  the  damaged  region 
presented  in  Table  I  The  thickness  of  the  damaged  region 
was  determined  by  He  channeling  measurements  for  four 
samples.  The  depth  of  the  visual  interface  was  determined  by 


microscopic  measurement  of  the  width  o!‘  the  white  layer 
along  a  beveled  surface 

hirst,  we  note  that  un  and  o  are  unrelated  o n  deter¬ 
mines  the  width  ol  lfie  region  in  which  there  is  a  transition 
from  heavily  damaged  to  lightly  damaged  or  crystalline  ma¬ 
terial.  </,.  is  a  measure  of  range  straggling  of  the  incident 
ions  it,,  appears  to  be  unrelated  to  ion  species,  energy.  or 
tluence  for  the  fluence  range  studied  ( 1  •  10"  to  10  ■  10" 
cm  ).  The  constancy  ofo/}  is  an  indication  of  the  saturation 
of  the  amount  of  disorder  within  the  damaged  region 

The  w  idth  of  the  transition  region  was  also  determined 
by  He  channeling  measurements  for  samples  77-1.  77-3.  and 
77-4.  which  were  3(X)-keV  implants  of!*'  and  Sr.  The  width 
for  all  three  samples  was  an  0.025  t  0  0K)//m.  which  is 
in  reasonable  agreement  w  ith  the  infrared  average  value 
a,,  0.035  ±  0  (XW pm 

Although  trlt  does  not  change  with  ion  fluence.  R ,, 
does.  For  2.7-MeV  P'  ions.  R  n  increases  from  2  53  /mi  for 
17  *  10"’  urns/env  to  2  61  //m  for  10  *  10"  lons/cnr;  for 
300-keV  P  ions  the  depth  increases  from  0  51  to0  55  pm  as 
the  fluence  increases  from  1  -  10  '  to  3  ■  10"  lons/'cnr.  The 
same  effect  is  noted  for  3(X)-keV  Sr  ions  These  results  again 
suggest  that  there  is  saturation  m  the  amount  of  disorder 
produced  when  a  well-defined  amount  of  displacement  dam¬ 
age  is  produced  These  results  are  m  accord  with  the  mea¬ 
surements  of  Crowder  and  Title  for  somewhat  smaller 
fluences  at  280  keV 

Comparison  of  Rfl  to  l.SS  projected  range  calculations 
indicates  that,  tor  the  fluence  range  studied,  R,,  -  R  ♦  o 
This  correlation  is  shown  in  Fig  4  For  the  few  cases  mea¬ 
sured  there  is  good  agreement  between  the  disorder  depths 
determined  by  channeling  measurements  and  R ,,  or 
Rr  +-  (Tr .  There  is  also  agreement  with  the  visual  depth  of 


TABLE  lit  Comparison  of  measurements  of  depth  of  damage 


Si 

Sample 

Ion 

Ion 

energy 

(keV) 

Ion 

fluence  R  tl 

(  101*  cm  ’)  0<m) 

an 

(fiim) 

Rr 

{pm) 

ar 

{pm) 

R 

He  channeling 
t/jm) 

a. 

Visual  * 

layer 

t^/ml 

78-6 

P 

2700 

1.74 

2  52 

0.041 

2  50 

0  20 

2  59 

78-7 

P 

2700 

1  74 

2  54 

0035 

2  50 

0.20 

75*1  h 

P 

2700 

64 

2  50 

0  20 

09 

3  2 

75-2 

P 

2700 

64 

2  54 

0036 

2  50 

0  20 

75-3  b 

P 

2700 

6.4 

2  50 

0  20 

78-8 

P- 

2700 

100 

261 

0032 

2  50 

0  20 

2  61 

76-3 

P- 

300 

10 

0  507 

0  037 

0  38 

0  10 

76-4 

P- 

300 

10 

0  506 

0  035 

0  38 

0  10 

(0  40) 

77.  | 

P 

300 

30 

0  551 

0044 

0  38 

0  10 

0  54 

0  025 

(0  16| 

77-2 

P 

300 

3  0 

0  549 

0  045 

0  38 

0  10 

(0  10) 

76- r 

Si 

300 

1.0 

0  143 

<  0  01  • 

041 

0.10 

0  531 

0  052 

76-2 

Sr 

300 

10 

0  569 

0  040 

0  41 

0  10 

77-3 

Sr 

.300 

3  0 

0  61 1 

0  038 

041 

0  10 

0  60 

0  025 

(0  25) 

77-4 

Sr 

A00 

3  0 

0  624 

0  030 

041 

0  10 

0  57 

0  025 

(0  19| 

77-5 

P 

200 

10 

0  407 

^001  • 

0  25 

0  08 

(021) 

77-6 

P 

200 

1  0 

0  407 

«.oor 

025 

ft  08 

'See  text  for  discussion  of  values  in  parentheses  Believed  to  tv  due  to  partial  annealing  during  implant 

hDouble-layered  sample  See  text  for  discussion 
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HlS  9  1  hickness  of  the  damaged  layer  deduced  from  ihe  curve  tilting  of 
I  he  interference  data  veisus  R  .  ♦  o  calculated  from  l  SS  theory  (see  Ref 
'4)  Vhe  open  circles  are  for  Sr  -ion  implants  and  the  closed  circles  arc  for  P* 
ions  Vhe  parentheses  indicates  (he  number  of  superimposed  data  points 


ihe  interface  for  the  high-energy  implants.  However,  ihe 
comparison  breaks  down  for  the  low-energy  implants  where 
the  visual  depths  are  considerably  smaller  than  Rt) . 

Rp  +  .  or  the  depths  from  channeling.  There  is  no  evi¬ 

dence  in  either  the  infrared  or  channeling  measurements  for 
an  interface  at  the  positions  indicated  by  the  visual 
measurements. 

In  previous  work,  Crowder  and  Title’  obtained  good 
agreement  between  infrared  and  visual  depths  for  280-keV 
P*  ions  implanted  in  Si  In  this  previous  work  the  visual  ob¬ 
servation  of  the  interface  was  accomplished  by  anodic  oxida¬ 
tion  and  HF  stripping  of  adjacent  implanted  and  unimplant- 
ed  areas.  Their  infrared  depths  are  in  agreement  with  our 
lower-energy  results,  and  their  visual  depths  are  slightly  less 
than  the  infrared  depths.  Thus,  the  difficulty  appears  to  lie  in 
the  technique  used  here  in  producing  the  bevel.  This  beveling 
technique  is  frequently  used  in  the  semiconductor  industry 
and  apparently  was  not  reliable  for  the  low-energy  high-dose 
implants  in  Si 

V.  DISCUSSION  AND  CONCLUSIONS 

The  model  given  in  Sec.  Ill  gives  good  representation  of 
the  experimental  results  presented  in  Sec  IV  with  physically 
reasonable  values  of  the  parameters.  The  results  indicate 


I  Ui  1(1  l  he  calculated  reflection  curves 
lot  two  assumed  refractive  index  profiles 
I  he  profile  (b>  is  similar  to  the  energy  do 
position  curve  for  the  '  '  MeV  I’  urns  of 
l  ij;  1  1  he  dashed  curves  air  tor  the  re 
fleilivitv  when  n  n  at  all  depths 
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that  n^O)  shows  little,  if  any,  dependence  upon  ion  species 
(P*  or  Sr),  ion  energy,  ion  flue  nee.  or  sample  temperature 
during  the  implant  (approximately  2uO*K  and  room  tem¬ 
perature)  In  almost  all  cases  it  was  necessary  to  include  a 
transition  region  from  nn  to  nx .  and  the  a,,  of  the  half- 
CSaussian  used  to  characterize  the  transition  region  averaged 
0.035 /jm.  The  few  exceptions  have  been  discussed  The 
nn(v)  curves  for  all  samples  measured  lie  within  a  range 
which  was  previously  indicated  as  that  attributable  to  the 
non  reproducibility  in  R  The  data  of  Table  11  represent  the 
best  estimate  of  nn{v)  from  all  of  the  measurements  made 
here  The  result  is  m  reasonable  accord  with  previous  and 
generally  less  rigorous  estimates  of  nn 

One  might  question  the  validity  of  the  assumption  in 
our  model  that  nn  is  constant  m  depth  within  the  heavily 
disordered  region  as  shown  in  Fig.  4  It  may  be  recalled  that 
the  model  leads  to  a  reflection  spectrum  in  w  hich  interfer¬ 
ence  minima  Rmm .  are  at  Rx  values  given  by 


as  long  as  dnwttllim  ><*/,,  an  attenuated  fringe  amplitude 
when  is  the  same  order  of  magnitude  as  on,  and  a 

mean  reflection  /?1Mr<Ih  given  by 


where  A  is  the  wavelength  In  no  case  is  Rmm  less  than  Rt  or 
Rmran  unequal  to  R  n  whenn,,  is  uniform  in  depth.  All  of  the 
expenmcntal  data  presented  in  Figs.  2.  3, 6.  and  7  and  for  the 
remaining  samples  of  Tables  l  and  III  fit  these  conditions  If 
one  removes  the  restriction  of  the  spatial  uniformity  of  nn, 
then  the  calculations  predict  an  Rmm  which  can  he  below 
Rx  Two  examples  are  given  in  Fig  10  for  the  hypothetical 
rtn  profiles  indicated  In  both  cases  the  fringes  have  Rmm 
values  at  low  frequency  which  are  substantially  less  than  Rx 
The  Rx  is  also  shown  as  a  dashed  curve  in  Fig.  10.  When 
there  are  spatial  changes  m  n/t  that  involve  sharp  transitions 
from  one  value  to  another  with  changes  in  depth  r,  then 
structure  or  multilayer  effects  would  be  present  in  the  inter¬ 
ference  pattern,'*’  effects  not  observed  in  the  data  except  in 
the  few  special  cases  which  probably  involve  annealing  as 
already  noted  and  discussed 
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Phosphorus  ions  were  implanted  into  silicon  previously  made  amorphous  by  implantation 
with  neon  ions  of  projected  range  considerably  greater  than  that  of  the  P  ions. 
Comparison  of  the  annealing  behavior  for  this  case  with  that  for  P '  -only  implants 
indicates  that  free-carrier  plasma  formation  in  the  region  of  high  phosphorus 
concentration  does  not  occur  until  the  material  has  recrystallized. 

PACS  numbers:  78.20.Dj,  61  70.Tm,  81.40.Tv 


In  an  earlier  paper  1  we  reported  the  observation  of 
strong  free-carrier  plasma  effects  in  the  behavior  of  the  in¬ 
frared  reflection  of  high-resistivity  Si  implanted  with  high 
fluences  of  high-energy  (2.7  MeV)  P*  ions.  The  plasma  was 
detected  after  thermal  annealing.  After  a  500  "C/20  h  an¬ 
neal,  approximately  0.2  pm  of  the  amorphous  region  had 
epitaxially  recrystallized  by  regrowth  1  of  the  amorphous- 
crystalline  (a-c)  interface  towards  the  original  surface. 
Spreading  resistance  profiling  after  annealing  indicated  the 
formation  of  a  low-resistivity  region  near  the  a-c  interface 
but  mainly  in  the  amorphous  region.  It  was  suggested  that 
this  resistivity  change  results  from  short-range  reordering 
which  could  produce  increases  in  the  earner  density  of  a 
heavily  P-implanted  region,  and  therefore  indicates  that  a 
plasma  could  exist  within  the  heavily  damaged  or  ?mor- 
phous  region.  Brodsky  et  al '  have  reported  that  the  index  of 
refraction  of  sputtered  amorphous-Si  films  decreases  during 
thermal  anneal  without  crystallization.  The  present  authors 
have  observed  the  same  effect  *  in  ion-implanted  Si. 

This  suggestion  was  supported  by  calculation  of  the  in¬ 
frared  reflection  spectrum  1  which  used  a  simple  layer  model 
which  included  a  plasma  layer  having  the  width  and  location 
indicated  by  the  spreading  resistance  measurements.  How¬ 
ever,  later  calculations  with  a  more  refined  model  incorpo¬ 
rating  a  Gaussian  plasma  region  and  smooth  changes  of  the 
refractive  index  at  the  a-c  interface  indicated  that  best  fits 
were  obtained  when  the  plasma  was  in  crystalline  materia) 
near  the  a-c  interface.  These  later  results  suggested  that  the 
spreading  resistance  measurements  could  be  in  error  because 
of  mechanical  or  electrical  punching  through  a  thin  high- 
resistivity  layer  on  top  of  the  conducting  region. 

In  this  communication  we  report  the  results  of  an  ex 
periment  in  which  P'  ions  were  implanted  into  a  region  pre¬ 
viously  amorphized  to  a  much  greater  depth  than  the  range 
of  the  P'  ions  to  determine  whether  the  plasma  initiates  in  the 


annealed  but  still  amorphous  region  or  within  an  epitaxially 
recrystallized  region.  It  will  be  shown  that  the  plasma  effects 
are  not  observed  until  the  epitaxial  recrystallization  reaches 
the  region  of  high  P  concentration 

To  facilitate  comparison  with  previous  results  1  the 
(111)  oriented  Si  samples  were  cut  from  the  same  ingot  of 
high-resistivity  single-crystal  Si.  The  implantations  were 
done  with  the  samples  maintained  at  low  temperature  and 
with  the  ion  beam  8"  from  the  surface  normal.  Several  sam¬ 
ples  were  implanted  with  2,7-MeV  P'  ions  only:  me  others 
were  first  implanted  with  4-MeV  Ne'  ions  and  then  with  2.7- 
MeV  P-  ions.  The  implantation  conditions  as  well  as  some  of 
the  results  for  these  samples  are  summarized  in  Table  I.  Note 
that  the  measured  depth  of  amorphous  layer  after  the  4-MeV 
Ne'  implant  was  3.7  pm  compared  to  2.7 pm  for  the  2  7- 
MeV  P'  implant  (the  projected  range  and  standard  devi¬ 
ation’  for  2.7-MeV  P'  ions  are  Rp  =  2.5  pm  and  op  =  0  2 
pm). 

Figures  1  and  2  compare  the  reflection  spectra  for 
room-temperature  and  higher-temperature  anneal  condi- 
tions  of  a  sample  (No.3)  implanted  with  Ne  +  P  with  others 
(Nos.  1  and  2)  implanted  with  P  only  The  P'  ion  energies 
were  the  same  and  the  fluences  similar  in  each  case  The 
layer  thicknesses  given  in  Table  I  were  calculated  from  the 
fringe  spacing  in  the  frequency  interval  4000  <  v<  7000  cm 
with  n  =  3.9  as  the  average  index  of  refraction  of  heavily 
damaged  Si  This  n  value  is  obtained  from  the  mean  reflec¬ 
tion  *  in  the  given  frequency  range  In  the  cases  where  the 
recrystallization  reached  the  front  surface,  the  mean  value  of 
the  reflection  indicated  that  the  refractive  index  of  the  an¬ 
nealed  materia)  had  reduced  to  -  3  5  which  is  close  to  the 
average  value  of  -  3.4  for  crystalline  Si 

Comparison  of  the  room-temperature  (as-implanted) 
curves  of  Figs  1  and  2  shows  that  the  amorphous  layer  for 
Ne  +  P  implantation  is  thicker  than  for  P-only  implanta- 
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TABLE  1  A  summarization  of  our  results 


Sample 

No. 

Implanted 

ions — 

energy  (MeV) 

Fluence 
(ions /cm') 

Implant 

temp 

CK) 

Anneal 

temp  (*CV trnie  (h) 

Damage  * 
layer 

thickness^m) 

Plasma 

observed 

1 

P* — 2.7 

1  74 x 10“ 

200 

Room  temp 

2  7 

No 

500/10 

2  5 

indication 

500/30 

24 

Yes 

500/50 

20 

Yes 

2 

P--2  7 

l  74  x 10“ 

200 

Room  temp 

2  7 

No 

600/0.5 

1  9 

Yes 

600/10 

b 

Yes 

3 

P— 2.7 

2. Ox  10“ 

200 

Room  temp 

3.7 

No 

Ne'— 4.0 

1  Ox  10” 

77 

500/10 

36 

No 

500/60 

3  6 

No 

500/60  4.  600/ 1  5 

2.9 

No 

500/60  -t  600/2  5 

2  8‘ 

No 

500/60  4  600/4  5 

b 

Yes 

500/60  4  600/10 

b 

Yes 

■•Calculated  from  the  number  of  fringes  between  4000  and  7000  cm  '  using  ‘‘Mean  value  of  the  reflection  indicates  that  the  regrowih  has  gone  through 

the  average  refractive  index  for  amorphous  St  of  39  in  this  frequency  the  entire  layer 

range  ‘Onlv  approximate  as  observed  beatlike  pattern  means  more  than  one  laver 


tion.  Sample  1  (P  only)  clearly  indicates  the  low-frequency 
effects  of  the  plasma  beginning  after  annealing  at  500  °C  for 
10  h.  The  low-frequency  fringes  grow  in  amplitude  until  -  JO 
h  with  only  minor  changes  occurring  for  still  longer  anneal 
times.  Figure  1  shows  a  curve  for  sample  I  after  a  500  ‘C/50 
h  anneal.  Sample  2  (P  only)  has  fully  developed  plasma 
fringes  after  0.5  h  at  600  *C,  and  the  recrystallization  is 
equivalent  to  -  50  h  anneal  at  500  'C. 

When  sample  No.  3  (Ne  +  P)  is  annealed  at  500  ’C, 
there  is  a  slight  reduction  in  the  amorphous  layer  thickness 
after  — 10  h  with  no  further  measurable  changes  occurring 
after  60  h.  There  are  small  changes  in  the  high-frequency 
fringe  amplitude  which  indicate  some  spatially  dependent 
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FIG  I  Reflection  versus  w»ve  number  it  room  temperature  for  simple  I 
before  high-temperature  annealing  and  after  annealing  at  500  *C  for  50  h. 
and  for  sample  2  after  annealing  at  S00  *C  for  K)  h 
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annealing  of  the  refractive  index  of  the  amorphous  region, 
but  there  is  no  indication  of  a  plasma.  After  further  anneal¬ 
ing  at  600  ”C  for  1.5  and  2  5  h,  there  was  recrystallization 
and  regrowth  at  the  a-c  interface,  but  still  no  evidence  of  the 
plasma  effect.  There  was  structure  in  the  fringe  spectra 
which  indicated  that  the  refractive  index  varied  with  depth 
After  an  additional  2-h  anneal  at  600  "C  (4.5  h  total)  the 
plasm#  was  fully  developed  and  the  amorphous  layer  was 
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FIG  2  Reflection  verxux  wive  number  at  room  temperature  for  sample  3  at 
four  different  annealing  Mages,  room-temperature  annealing,  W0*  CVbO  h. 
W0  V/ftO  h  ♦  600  XVI  5  h  and  500  XVflfl  h  ♦  600  XV 10  h 

Communications  377R 


128 


completely  recrystallized.  The  final  anneal  curves  for  sam¬ 
ples  2  and  3  of  Figs.  1  and  2  are  very  similar,  indicating  that 
the  final  dielectric  state  of  the  P-  and  Ne  +  P-implanted 
samples  are  essentially  the  same. 

Similar  measurements  of  another  pair  of  P-  only  and 
Ne  +  P-  implanted  samples  in  which  the  incident  energies 
were  reduced  --  20%  gave  very  similar  annealing  results. 
However,  in  this  case  meaningful  layer  thicknesses  cannot  be 
given  because  the  Ne  -t-  P-  implanted  sample  did  not  recrys¬ 
tallize  uniformly  across  the  surface.  This  sample  recrystal¬ 
lized  in  from  the  sample  edges.  Once  initiated,  this  regrowth 
proceeded  at  a  greater  rate  than  that  from  the  underlying 
crystalline  material,  which  is  consistent  with  measurements 
which  show  that  the  [1 1 1]  direction  is  the  slowest  regrowth 
direction.  ’ 

The  experimental  results  shown  in  Figs.  1  and  2  and 
summarized  in  Table  I  clearly  demonstrate  that  the  plasma 
does  not  develop  due  to  local  reordering  in  the  amorphous 
region  but  rather  that  the  plasma  develops  in  the  P-implant¬ 
ed  region  only  after  recrystallization.  The  thicknesses  of  the 
amorphous  region  for  the  Ne  +  P  sample  in  Table  1  indicate 
that  the  regrowth  proceeds  until  the  thickness  of  the  amor¬ 
phous  layer  slightly  exceeds  Rr  +  ar  for  the  P  implants 
without  observation  of  the  plasma  even  though  the  anneal 
times  greatly  exceeded  those  required  to  produce  the  plasma 
in  the  P-  only  implanted  samples  In  the  case  of  samples 


implanted  with  P  only,  calculations  to  be  published  *  have 
shown  that  the  initial  development  of  the  plasma  involves 
the  tail  of  P  ions  which  extend  past  the  a-c  interface  into  a 
region  where  the  material  is  less  heavily  damaged.  When  this 
damage  is  annealed,  carriers  are  produced  and  the  plasma 
effect  is  seen. 
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sponsored  in  part  by  the  Navy  Material  Command 
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HIGH-DOSE  IMPLANTATION  AND  ION-BEAM-MIXING* 
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Washington,  D.  C. 

Substitutional  solid  solutions  and  metastable  phases  in  single-crystal 
metals  can  be  produced  by  ion  bombardment  either  by  ion  implantation  to  high- 
dose  levels  of  one  of  the  elements  or  by  implantation  of  inert  ions  through 
a  thin  film  to  induce  atomic  mixing  between  the  film  and  the  single-crystal 
substrate.  In  this  paper  we  compare  these  two  methods  of  high-dose  implan¬ 
tation  and  ion-beart.-mixing  to  introduce  Au  and  Pd  into  single-crystal  Cu. 

In  direct  implantation  the  maximum  concentration  of  implanted  ions  is  deter¬ 
mined,  by  the  sputtering  effects  whereas  in  ion-beam-mixing  the  concentra¬ 
tion  is  determined  by  the  film  thickness  and  the  amount  o\  interdiffusion 

over  the  penetration  depth  cf  the  energetic  ions. 

17  2 

With  implantation  of  1  x  10  /cm  Au  or  Pd  ions  at  150  keV  into  <110> 
Cu  high  substitutional  concentrations  at  about  6  atomic  %  were  achieved. 

O 

With  ion-beam-mixing  of  ^  100  A  Au  or  Pd  films  by  300  keV  Xe  ions  at  ion 
lO  2 

doses  £  1  x  10  /cm  ,  substitutional  concentrations  twice  as  high  ( -  12 
atomic  %)  were  achieved.  With  thicker  films,  higher  concentrations  of  Au 
and  Pd  were  achieved  with  polycrystalline  solid  solutions  formed  at  Au  and 
Pd  concentrations  above  30  atomic  %. 


•This  research  was  supported  in  part  by  the  U.S.  Army  Research  Office 
(H.  Wittmann)  under  the  Joint  Services  Electronics  Program  (DAAG-29-77-C- 
0015). 
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Introduction 


Ion  implantation  is  now  used  routinely  to  modify  the  properties  of 
materials.  An  indication  of  the  usage  is  given  by  the  change  in  the  name 
of  the  Implantation  Conference  Series  which  started  in  1970  as  "Ion  Implan¬ 
tation  in  Semiconductors"  and  is  now  called  "Ion  Beam  Modification  of 
Materials".  In  the  field  of  modification  of  the  near-surface  region  of 
metals,  considerable  attention  has  been  directed  toward  the  physical  pro¬ 
perties  of  the  metal,  such  as  improvements  in  friction  and  wear  (l). 

Another  aspect  is  the  study  of  metastable  phases  in  metals  produced  by  ion 
implantation  (2).  Amorphous  layers  can  be  formed  (3,^)  as  well  as  substi¬ 
tutional  solid  solutions  (5-7). 

17  2 

Relatively  high  doses  of  implanted  ions,  generally  i  1  x  10  /cm  , 
are  required  to  obtain  concentrations  of  implanted  species  of  about  10 
atomic  %.  Aside  from  the  long  implantation  time,  the  process  is  limited  by 
sputtering  effects  which  establish  the  maximum  concentration  which  can  be 
achieved  by  implantation  (8).  This  sputtering  limitation  sets  a  strict 
constraint  on  using  direct  implantation  to  produce  high  concentration 
alloyed  layers. 

In  order  to  achieve  higher  concentrations  than  those  achievable  by 

direct  implantation,  one  can  deposit  a  thin  film  of  the  given  species  on 

the  substrate  and  then  intermix  the  film  and  substrate  by  bombardment  of 

energetic  ions  which  penetrate  tnrough  the  film-substrate  interface.  With 

15  2 

metal  films  on  silicon,  it  has  been  shown  that  dose  levels  around  10  /cm 
can  produce  silicide  phases  (9).  At  higher  doses,  but  still  an  order  of 
magnitude  below  that  used  in  direct  implantation,  a  progressive  intermixing 
to  redistribute  the  metal  deeper  into  the  samples  occurs  (10). 

In  this  paper  we  compare  these  two  methods,  direct  implantation  and 
ion-beam-mixing,  for  introducing  Au  and  Pd  into  single-crystals  of  Cu.  In 
a  previous  study  (11 )  we  compared  the  two  methods  to  form  substitutional 
Au-Cu  an'd  Ag-Cu  solid  solutions.  The  experimental  concept  and  phase  dia¬ 
grams  of  the  Au-Cu  and  Pd-Cu  system  are  shown  in  Fig.  1. 

Experimental  Procedure 

Single-crystal  Cu,  <110>  oriented,  samples  were  etch-polished  at 

1* 

Bell  Laboratories.  Backscattering  and  channeling  analysis  with  1.8  MeV  He 
ions  were  made  at  Bell  Labs  to  evaluate  the  amount  of  residual  disorder. 

17 

High-dose  implantation  of  150  keV  Au  and  Pd  ions  to  doses  of  up  to  1  x  10 
2 

ions  per  cm  were  carried  out  at  the  Naval  Research  Laboratory.  Channeling 

It 

measurements  with  1.5  MeV  He  ions  were  made  at  Bell  Labs  to  determine  the 
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High  dose  implantation  8  ion  beam  mixing 
vCuN  -  Pd  and  <Cu>  Au 


Impiont  IOO  .’OOkev.lo'/cm-' 


300  key  f>xlO''  Xe  ions  cnr 


Fig.  1  -  Schematic  diagrams  of  the  experiment 

concept  and  the  Au-Cu  and  Pd-Cu  phase 
diagrams. 

implanted  ion  concentration  and  substitutional  fraction. 

Thin  metal  films  a  feu  hundred  angstroms  thick  ve"°  prepared  at 

Caltech  by  electron-gun  evaporation  of  Au  or  Td  onto  the  <110>  Cu  substrates 

in  an  oil-free  vacuum  system.  Ion-beam-mixing  was  carried  out  at  Caltech 

by  implanting  300  keV  Xe  ions  to  doses  of  1  x  10*  to  1  x  lO***  ions/cm‘  at 

2 

beum  current  densities  of  about  1  uA/cm  .  To  minimise  beam  heating  effects, 
the  samples  were  glued  onto  the  sample  holder  using  a  thermally  conductive 
compound.  Backscattering  and  channeling  analyses  were  made  at  Caltech  and 
Bell  Laboratories. 


Experimental  Results 

High-Dose  Implantation 

1 7 

A  concentration  of  6  at.  %  Pd  was  produced  by  implantation  of  a,  io 

O 

Pd/cm  .  As  indicated  by  the  difference  between  the  random  and  aligned 
spectra  of  Fig.  2,  more  than  90?  of  the  Pd  was  on  substitutional  sites.  The 
results  obtained  with  Fd  and  Au  (5)  implantations  are  similar:  high  sub¬ 
stitutional  fraction  at  concentrations  between  9  and  6  at .  %. 

Ion-Beam-Mixing  -  Concentrations  -  10  at ■  % 

The  objective  of  this  set  of  experiments  was  to  use  ion-beam-mi xing 

to  obtain  Pd  or  Au  concentrations  near  those  found  in  direct  impilantation 

so  that  a  direct  comparison  of  the  two  techniques  could  be  made.  Film 

o 

thicknesses  of  about  100  A  and  ion  doses  up  to  10  /cm~  were  used.  The  dnt a 
in  Fig.  3  for  Pd  on  Cu  indicates  that  a  substitutional  fraction  of  72?  can 
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Fig.  2  -  Random  and  <110>  aligned  spectra  for 

1.5  MeV  ^He  ions  incident  on  Pd 
implanted  Cu. 

be  achieved  at  a  Pd  concentration  of  11  at.  %.  The  results  shown  in  the 
Table  indicate  that  high  substitutional  fractions  of  Au  or  Pd  can  be 


Fig.  3 


Random  and  <110>  aligned  spectra  for 
1.5  MeV  **He  ions  incident  on  an  ion 
mixed  sample  (see  schematic). 


Table  I.  Comparison  of  lon-Beam-Mixing  and  High-Dose  Implantation 


Incorporation  Of  Au  and  Pd  in  <IIO>  Cu 


Cu  <I00> 

Implantation 

150  keV  Au,  Pd 

Ion  Beam  Mixing 

300  keV  Xe 

Au 

dose  ~  1  x  I0!ycm2 
cone  ~5  at  % 

subst  ~  100% 

tAu=  I60A 

dose  ~  5  x  I0l5/cm2 
cone  —  1 2  ot  % 

subst  ~96% 

Pd 

dose  ~  1  x  lO'Tcm2 

cone  ~  6  at  % 

subst  ~96% 

tpd  =  72  A 

dose  ~  1  x  I0l6/cm2 
cone  —  Mot  % 

subst  72% 

obtained  by  ion  mixing.  As  in  the  case  of  Ag  (ll),  both  direct  implanta¬ 
tion  or  ion-beam-mixing  give  comparable  results;  however,  an  order  of 
magnitude  or  higher  dose  is  required  with  high-dose  implantation  as  compared 
to  ion-beam-mixing. 

Ion-Beam-Mixing  -  High  Concentrations 

The  objective  of  this  set  of  experiments  was  to  achieve  concentra¬ 
tions  well  in  excess  of  those  that  can  be  obtained  by  direct,  high-dose 

implantation.  The  samples  were  prepared  by  depositing  thicker  films , 

o 

thicknesses  between  150  and  500  A,  than  those  described  in  the  previous 
section  where  the  objective  was  to  achieve  Pd  or  Au  concentrations  near 
10  at.  %.  In  all  cases,  the  film  thicknesses  were  less  than  the  range  of 
300  keV  Xe  ions. 

With  these  thicker  films,  differences  in  the  substitutional  fraction 

of  Au  and  Pd  became  apparent.  The  data  in  Fig.  1*  shows  that  23  at.  %  of  Au 

o 

in  Cu  can  be  achieved  by  implanting  Xe  through  a  300  A  Au  film.  The  sub¬ 
stitutional  fraction  is  not  as  high  (-  50%)  as  that  obtained  in  lower 
concentrations  of  Au  and  the  aligned  yield  in  the  Cu  is  higher.  However, 
for  the  same  concentration  (=  25  at.  %)  of  Pd,  the  amount  of  disorder  in 
the  near-surface  region  was  higher  and,  as  shown  in  Fig.  5,  there  was  no 
difference  in  the  Pd  aligned  and  random  yields.  X-ray  diffraction  measure¬ 
ments  showed  the  presence  of  a  polycrystalline  layer. 

With  the  thicker  films  of  Au  and  Pd  on  Cu,  backscattering  measure- 
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Fig.  U  -  Random  ajjd  aliened  spectra  for 
3.0  MoV  Ho  i ons  incident  on  an 
ion  nixed  Au  film  on  Cu. 

ments  siiowed  that  the  initial  staler,  of  ion-beam-raixing  led  to  interdiffus- 
ion  and  reactions  at  the  interface.  The  interfacial  reactions  are  similar 
to  those  found  in  ion-mixed  layers  on  silicon  in  which  silicide  layers  are 
formed.  In  tiie  present  case,  polycryst  filline  solid  solutions  ure  formed. 


Fig.  5  -  Random  a^id  aligned  spectra  for 

l.‘>  MeV  He  ions  incident  on  an 
ion  mixed  Pd  film  on  Cu. 
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The  datu  in  Fig.  6  shows  a  random  spectrum  for  a  U70  A  thick  Pd  film  on  Cu, 

l  <■,  2 

and  the  aligned  and  random  spectra  after  mixing  with  a  dose  of  b  x  10  '/cm 1" 
Xe  ions.  The  spectra  show  that  intermixing  occurs  in  the  interfacial  layer 
and  that  the  reacted  region  is  highly  disordered.  The  Cu  signal  doer,  not 


Cu. 

extend  to  the  surface  energy  position,  and  the  Pd  signal  does  not  extend 
down  to  depths  comparable  to  the  penetration  of  the  Xe  ions.  These  results 
indicate  that  the  initial  extent  of  the  interdiffusion  is  confined  to  the 
region  around  the  interface  and  does  not  occur  over  the  entire  depth  of  the 
Xe  collision  cascade.  This  limited  extent  of  interdiffusion  is  similar  to 
that  found  in  silicide  forming  systems.  At  higher  doses,  the  Cu  signal 
reaches  the  surface  position  and  the  Pd  signal  broadens  and  decreases  in 
height.  Ion-beam-mixing  then  car.  lead  to  diffusion  and  reaction  of  the 
entire  Au  or  Pd  layer  as  long  as  the  ion  range  is  substantially  greater  than 
the  film  thickness. 

Ion-Beam-Mixing.  -  Concentration  versus  Dose 

The  objective  of  this  set  of  experiments  was  to  determine  the  con¬ 
centration  and  substitutional  fraction  that  could  be  obtained  for  a  given 
film  thickness  at  different  ion  doses.  The  concept  was  that  increased  ion 
doses  would  lead  to  increased  amount  of  interdiffusion  and  hence  decreased 
concentrations  of  Pd  or  Au  in  Cu. 

The  data  in  Fig.  7  shows  that  for  a  given  film  thickness,  the  con- 
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Fig.  7  -  Atonic  concentration  (left  axis)  and 

substitutional  fraction  (right  axis) 
versus  ion  dose  for  Pd  (upper  figure) 
and  Au  (lower  figure)  films  on  Cu. 


cent  ration  of  Pd  (upper)  and  Au  (lower)  decreases  with  increasing  ion  dose. 

The  substitutional  fraction  increases  as  the  concentration  decreases.  How¬ 
ever,  there  is  a  difference  between  Au  and  Pd:  for  a  given  dose  the  thick¬ 
ness  of  the  mixed  layer  is  greater  for  Au  than  Pd;  i.e.,  the  amount  of 
diffusion  within  the  collision  cascade  is  greater  for  Au  than  Pd. 

Figure  8  shows  concent  rat ion-ver sus-dose  curves  for  Au  and  Pd  films  in 

O  Q 

the  thickness  range  of  100  A  to  200  A.  The  two  curves  are  offset  because 
for  a  given  film  thickness  there  is  more  interdiffusion  and  hence  lower 
concentration  for  Au  than  for  Pd.  At  high  concentrations,  po lycrysla 1 1 ine 
solid  solutions  are  formed.  At  lower  concent  rat  ions,  about  10  at.  for  Au 
and  about  15  at.  Z.  for  Pd,  single-crystal  solid  solutions  are  formed.  The 
schematic  diagrams  indicate  that  for  a  low  dose,  interdiffusion  is  con¬ 
fined  to  the  interface  region;  for  a  higher  dose,  t  lie  Au  or  Pd  laver  is  inter¬ 
mixed  witli  (,u  at  concentrations  dependent  on  the  ion  dose  (solid  curves). 
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Fig.  8  -  Concentration  versus  dose  for  An  and  I'd  films, 

100  -  200  A,  ion  mixed  with  300  KeV  Xe  ions. 

Tiie  lower  curve  is  for  direct  implantation  of 
150  keV  Au  or  I’d. 

and  at  even  higher  doses,  sputter  erosion  will  determine  the  concent  rat  ions . 
The  lower  cover  shows  the  concentrations  that  can  be  achieved  by  direct 
implantation  of  150  keV  Au  or  I’d  into  Cu.  There  should  be  two  curves 
reflecting  the  differences  in  ion  ranges  and  sputtering  coefficients  between 
the  two  species,  however,  the  differences  are  small  compared  to  the  con¬ 
centrations  achieved  by  ion-beam-mixing. 

Summary' 

Both  direct  implantation  and  ion-beain-mixing  con  be  used  to  form  sub¬ 
stitutional  single-crystal  solid  solutions  of  Au  or  Pd  at  low  atomic  concen¬ 
trations  on  Cu  single-crystals.  With  direct  high-dose  implantation,  the 
maximum  concentration  of  Au  or  Pd  is  limited  to  less  than  10  at.  5  due  to 
sputtering  effects.  With  ion-beam-mixing  higher  concentrations  can  be 
achieved  at  one  or  two  orders  of  magnitude  lower  Xe  ion  doses.  At  Pd  an  i 
Au  concentrations  of  ~  15  and  30  at.  %  poly crystal line  solid  solutions  are 
formed.  For  ion  mixing  with  Xe  ions  incident  on  Cu  crystals  held  near  room 
temperature,  the  amount  of  interdiffusion  of  Au  is  greater  than  that  of  Fd. 

These  results  show  that,  ion-beam-mixing  can  be  used  as  an  alternative 
to  direct  implantation  in  cases  where  the  implanted  ion  species  can  be  de¬ 
posited  as  a  thin  film.  In  ion-beam-mixing,  inert,  ions  can  be  used  at  sub- 
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stantially  lower  doses  than  with  direct  implantation  and  higher  concentra¬ 
tions  can  be  achieved. 
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